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Abstract 
 
Renewable energy in general, and biofuels in particular, is seen as a viable solution for energy 
security and climate change problems.  For this reason many countries, including Thailand, 
have set common objectives for utilisation of alternative resources. Thailand is an agricultural 
country and hence it has a great potential for generating renewable energy from a large amount 
of biomass resources.  In consequence, a 15-year renewable energy development plan has been 
set by the Thai government, which targets an increase in electricity generation of 32%, from 
2,800 MW in 2011 to 3,700 MW in 2022, and also an increase in consumption of ethanol by 
200%, from 1,095 million litres in 2011 to 3,285 million litres in 2022 (Department of 
Alternative Energy Development and Efficiency of Thailand, 2008). Sugarcane and rice are 
the two main industrial crops in Thailand, with estimated production of 73.50 million tons of 
sugarcane per year (2009) and 31.50 million tons of rice per year (Sawangphol, 2011), and they 
are seen as a major source of biomass. This research focuses on the biomass from rice mill and 
sugar mill processes. 
 
In order to develop processing facilities that are capable of utilising available biomass and 
delivering the above set targets, a comprehensive and systematic methodology is required 
which will support the decision-making process by accounting for technological, economic and 
parameters. In this thesis, exhaustive simulation and optimisation are proposed as a tool.   
 
The first tool is the technology screening. The aim of the technology screening step is to show 
all profitability of technologies. This is done by considering various components of rice and 
sugar mills energy frameworks in Thailand: rice mill technology type, sugar mill technology 
type, ethanol technology type and biomass based power plant technology type.  
The modelling of processes for converting sugarcane and rice biomass into electrical energy 
and ethanol has been performed at the level of superstructure which has been chosen because 
the scope of the work is to screen available options and to compare them in different 
configurations in terms of economic aspects.  
The result of the simulation approach has shown the most profitable (shortest payback period) 
is the configuration that includes electrical rice mill, automated control sugar mill, gasification 
biomass based power plant and continuous ethanol plant. 
The sensitivity analysis has compared the cost of feedstock against profitability (payback 
period). The sensitivity analysis also compared the price of product against profitability 
(payback period). The result of the sensitivity analysis showed the change in the price of sugar 
product is the most sensitive for the rice and sugar mills energy framework.  
The second tool is the optimisation approach. The aim of the optimisation is to maximise the 
profit (NPV) impact. This is done by considering the various components of the biofuel supply 
chain in Thailand. All components were calculated based on candidate points including: the 
biofield(rice mill and sugar mill), biomass warehouse capacity and location, biofuel plant 
technology type, plant technology capacity, plant technology location, product warehouse 
capacity and location, transportation type is considered. There are four scenarios in the case 
study which were created to examine the proposed biomass optimisation model for Thailand 
to validate the mathematic formulation.  
The overall conclusion of the optimization approach is that the biomass power plant is 
profitable at the present time. The lignocellulosic plant will be the option when the process 
demand a lot of ethanol production. 
In summary, the proposed research fills the gap in the operational level and process level by 
multi-biomass from biofield to customer that includes warehouses and multi transportation 
modes towards the biofuel supply chain. From the business point of view, the research defines 
the data for the business investor and also analyses the risk of change in product price, 
feedstock cost and transportation cost. 
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Chapter 1 
Introduction 
 
1.1 Background of research 
 
As world’s population continues to grow, more energy consumption more energy demand also 
needed. Fossil fuels are sources of energy and have been used for decades but the limited 
amount of fossil fuels begin to diminish. The fossil fuel extraction causes high environmental 
degradation. Renewable energy in general, and biofuels in particular, is seen as a viable 
solution for energy security and climate change problem.  Biomass is one of the main feedstock 
for biofuel. Thailand is an agricultural country and hence it has a great potential of generating 
renewable energy from a large amount of biomass resources. 
  
The issue of energy security has been raised and is regarded as a significant element that could 
drive Thailand forward to sustainability, particularly in terms of social development and 
technological advancement. An increase in the fuel price together with continuous growth in 
gasoline demand has a great impact on the people’s way of life and on Thailand’s economy. 
Consequently, renewable energy is broadly recognised as an alternative energy source, 
especially in an agricultural country like Thailand. 
 
1.2 Motivation 
 
The royal project on piloting bio-diesel and gasohol as substitutes for fossil fuels has been 
further developed for academics purposes and widely adopted for commercial use. This project 
demonstrates His Majesty the King’s ingenuity and his determination to alleviate the hardship 
of Thai people by providing alternative energy sources. Thailand government has adopted the 
vision of His Mejesty the late King Bhumibol as a guideline for working out Thailand’ 
alternative energy development plan. The 2015-2036 energy development plan focus on 
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encouraging the maximum use of alternative energy in order to reduce oil import. Power 
generation from biomass is part of the plan, and it has been carried out in all parts of country. 
Biomass is considered an important alternative fuel for generating electricity since it can 
replace the use of natural gas which accounts for 70% of electricity generation in Thailand. 
However, one of the hindrances that impedes the adoption and implementation of biomass 
technology in the private sector, especially in terms of investment, is lack of 
information. Valuable information provided by this research could be used by companies to 
make informed decisions on the implementation of biomass technology. In fact, the business 
of energy production using biomass as feedstock should be regarded as an economic system, 
since it consists of various stakeholders. In the case of Thailand, the viability depends 
on the prices of sugar, rice, grains and oil, all of which have varied widely, and sometimes 
rapidly, over the years. 
 
Renewable energy from biomass as a primary fuel was set as a target of the national strategic 
energy plan in Thailand. The aim is to increase the utilisation of biomass compared with the 
total final energy consumption in 2022 to 20% (Department of Alternative Energy 
Development and Efficiency in Thailand, 2022), which is equivalent to 20 Mtoe (million tones 
oil equivalent). Current research and planning analysis indicate that there will be conflicting 
demands for biomass use in the future, in regard to food and energy. Therefore, a strategy for 
balancing biomass uses based on thorough analysis of available resources and technological 
options must be developed, with due consideration of commercial demand. 
 
1.3 Research Objectives 
 
This work aims to provide a detailed analysis of options for providing renewable fuel in 
Thailand, and in particular to:    
1. Define the exhaustive modelling approach to demonstrate selection of options; 
2. Define the most suitable generic representation of the biofuel supply chain system; 
3. Apply an optimisation method to provide the best choice of solution from among 
alternatives; 
4. Verify the optimisation methodology for use in the case of Thailand using available data; 
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1.4 Importance of the Research 
 
The outcome of this research will be an optimisation methodology that could be used for any 
case of screening the options of biomass utilisation. There are a variety of biomass feed stocks 
in different areas around the world. Hence, this methodology can be verified and implemented 
to optimise the biomass renewable energy supply chain system. There is lack of optimisation 
biomass residue and the biorefineries in Thailand. The majority of studies focus on the strategic 
levels. However, few studies have been done on the operational levels of biomass supply 
chains. There are also a considerable number of studies using mathematical programming, but 
the papers which employ mathematical programming on operational levels of biomass supply 
chains are still rare. Still, too few papers optimise the whole supply chain and consider storage 
between farms and biorefineries and also most papers represent just on-farm storage. Most of 
biomass supply chain models are based on single type of biomass and very few authors deal 
with multi-biomass and different parts of biomass. In addition, most authors consider the road 
transport for biomass and very few of the reviewed studies deal with rail transportation. This 
research is no consider environmental aspect because the Kyoto protocal is not apply in 
Thailand.  The gaps of this research is summarised as follows: 
1) None of the reviewed papers considers economic aspects for biomass utilisation in 
Thailand.  
2) None of the reviewed papers considers lignocellulosic ethanol plants in Thailand. 
3) In the literature, there is no optimisation that calculates utilisation of biomass to produce 
ethanol and electricity in Thailand. 
4) This study is a tool and information for decision-makers such as business investors or 
stakeholders in the biomass energy business building new biorefinery plants in 
Thailand. It is also fills a gap necessitated by the 15-year renewable energy 
development plan has been set by the Thai government, which has targets to increase 
electricity generation by 32%, from 2,800 MW in 2011 to 3,700 MW in 2022, and also 
to increase consumption of ethanol by 200%, from 1,095 million litres in 2011 to 3,285 
million litres in 2022 (Department of Alternative Energy Development and Efficiency, 
Thailand, 2008). 
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5) In the literature, many constraints are not straight obtainable. In order to integrate these 
into this optimisation model, this research has generated formulations by evaluating the 
scenario instructions and data available in the literature. 
6) Although this work provides a model specifically for husk and bagasse, it can also be 
used as a basis for and applied to biomass production from any other types of energy 
crops. 
7) This research is the only paper that determine the methodology to utilise the husk and 
bagasse as the input to produce electricity and ethanol. 
1.5 Thesis Outline 
Chapter 2 reviews the literature and previous work in terms of three main topics are described. 
There are: biomass feedstock in Thailand, biomass technology, and the optimisation of 
biomass. First is biomass feedstock, which includes seven subjects. These are: the energy 
situation in Thailand, analysis of feedstock in Thailand, energy potential of biomass in 
Thailand, cost analysis for biomass fuel, targets for the Thai renewable energy development 
plan, and a comparison between the cost and heating value of each biomass. Next is biomass 
technology, which consists of biomass power generator technologies, power generators, and 
ethanol plants. The final one is optimisation. It involves optimisation methods, biomass supply 
chain optimisation model, superstructure, and The General Algebraic Modelling System 
(GAMS). 
Chapter 3 look into the research methodology, which is two research approaches are been 
used. The research methodology is divided into two parts: Simulation approach and 
Optimisation approach. The simulation approach uses exhaustive simulation to calculate the 
most suitable result for the upstream side of the biofuel supply chain. The simulation approach 
takes into account only the technology section. The optimisation approach uses a superstructure 
model and MILP optimisation algorithm to calculate the most suitable economic result of 
biofuel supply chain in Thailand.    
Chapter 4 shows the simulation approach result and discussion of the simulation approach. 
There are 16 configurations that have been identified as suitable for this work and they are 
described and discussed from engineering and profitability points of view.  
Chapter 5 shows the optimisation approach result and uses the scenario approach to verify the 
utilisation of biomass model. Scenarios are also created to show the choice of real cases in 
Thailand. 
Chapter 6 provides conclusion of the research and the direction of the future work. 
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Chapter 2 
Literature review 
 
Introduction 
Three main topics are described in this chapter. They are: biomass feedstock in Thailand, 
biomass technology, and the optimisation of biomass. First is biomass feedstock, which 
includes seven subjects. These are: the energy situation in Thailand, analysis of feedstock in 
Thailand, energy potential of biomass in Thailand, cost analysis for biomass fuel, targets for 
the Thai renewable energy development plan, and a comparison between the cost and heating 
value of each biomass. Next is biomass technology, which consists of biomass power generator 
technologies, power generators, and ethanol plants. The final topic is optimisation. It 
involves optimisation methods, biomass supply chain optimisation model, superstructure, and 
The General Algebraic Modelling System (GAMS). 
2.1 Energy Situation  
2.1.1 Global Energy Situation in 2015 
 
This literature review starts with the global primary energy consumption in 2015, including 
modern renewables used to generate electricity. In 2015, global energy use stood at a record 
13,147 million tonnes oil equivalent (Mtoe), an increase of 1 percent from the 2014 figure of 
13,020 Mtoe (BP, 2016). As Figure 2.1 shows, of world primary energy consumption used to 
generate electricity in 2015, the Asia Pacific region accounted for a record 41.8 percent,  or 
5,498 Mtoe, which is the world’s largest regional energy demand of global energy 
consumption.  Europe accounted for 21.6 percent, which is 2,834 Mtoe, making it the second 
largest in terms of total energy consumption. Following this are North America, Europe, the 
Middle East, South & Central America and Africa, accounting for 21.3 percent, or 2,795 Mtoe, 
6.7 percent, or 884 Mtoe, 5.3 percent, or 699 Mtoe, and 3.3 percent, or 435 Mtoe respectively 
(BP, 2016).   
6 | P a g e  
 
 
Figure 2.1: World Primary Energy Consumption 2015 (BP, 2016) 
Asia Pacific is the area which showed the highest demand for energy in 2015. Figure 2.2 shows 
Asia Pacific’s primary consumption by country. China had the largest energy demand in 
Asia Pacific, using 22.9 percent, or 3,014 Mtoe of the region’s primary energy consumption, 
which is similar to total energy use in North America, which in turn accounted for 21.3 percent, 
or 2,795 Mtoe, of global usage (BP, 2016). 
 
Figure 2.2:  Asia Pacific Primary Energy Consumption 2015 (BP, 2016) 
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Other Asia pacific, 
4.60%
Asia Pacific Primary Consumption 2015
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Thailand accounted for 0.09 0.9 percent, or 117.6 Mtoe of the region’s primary energy demand 
(BP, 2016). The data show that energy for power generation is one of the major factors of 
energy demand of any country. The current world sources of energy are coal, renewables, 
electricity, nuclear energy, natural gas, and oil. The Asia Pacific region’s total consumption of 
5,498 Mtoe can be broken down as follows: Coal consumption of 2798 Mtoe, oil consumption 
of 1501 Mtoe, natural gas consumption of 631 Mtoe, hydroelectric consumption of 362 Mtoe, 
renewables consumption of 64.1 Mtoe and nuclear energy consumption of 95 Mtoe  (BP, 
2016). This shows that the highest rate of consumption is in coal. Coal is a fossil fuel formed 
and used for generating electricity by burning in power plants. 
 
2.1.2 Energy Situation in Thailand, 2015 
In 1970, Thailand imported approximately 90 (Amranand, 2008). % of its energy consumption, 
mostly in the form of petroleum products. However, because of the discovery of lignite in the 
northern part of Thailand and natural gas in the Gulf of Thailand, the country reduced its 
petroleum imports to 60% of total energy consumption by the mid-1980s. In consequence, 
since 2001 almost 70% of electricity has been generated from natural gas. Thailand’s energy 
demand grew at an annual rate of 7.6% during the period 1985-2007 (Amranand, 2008). 
Thailand’s energy demand is continuing to increase and hence alternative energy is the solution 
for energy needs in the future.  
Thailand has available a large number of agricultural raw materials suitable for producing 
ethanol and biodiesel. The oil price started to rise at the beginning of 2004. At the same time 
the Thai government introduced a policy that led to a significant increase in the consumption 
and production of biofuels. 
In 2007 Thailand’s total energy consumption was 80.019 Mtoe (Amranand, 2008). In 2009, 
World energy demand was 11,294.9 Mtoe while, at the same time, Thailand’s energy demand 
was 66.7 Mtoe, or 0.6% of the overall global energy demand. The world recession and recovery 
pattern in 2009 reflect the reduction of energy consumption. The world energy consumption 
and also Thailand fell by 1.1 percent compared with year 2008. Thailand also was impacted by 
the 2009 world economic crisis. Although the regression in the world economy since 2009 have 
been uneven, the global energy demand rebounded by significant 5% in 2010 (IEO, 2016). 
Since 2009 to 2015, the world and Thailand energy demand are continue increasing (IEO, 
2016). 
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In 2012, the total energy generation requirement of Thailand was around 173,250.28 million 
Gigawatt hours (GWh), of which 51,040.61 million GWh (29.46%) was produced from natural 
gas and 16,817 million GWh (9.71%) from lignite. Hydroelectricity, fuel oil, diesel and 
renewable energy accounted for 4.85%, 0.68% 0.03% and zero% of total power generation, 
respectively. Thailand’s power demand is projected to be met by diversified fuel sources 
purchased from both domestic sources and from neighboring countries with private power 
plants. Purchases from domestic private plants were around 85,230.89 million GWh 
(49.2%) of which the small scale biomass accounted for only around 2,499.56 million GWh 
(1.44%) from domestic independent power producers (IPP). Purchases from neighboring 
countries were around 10,516.54 million GWh (6.07%).  
 
One of the significant current issues in Thailand’s electricity situation is that the demand for 
electricity has increased by 6.9 percent between 2011 and 2012, according to figures given by 
the Electricity Generating Authority of Thailand (EGAT), which showed that electricity 
consumption totalled 16,448.59 MW in 2011, and 17,590.09 MW in 2012 [EGAT, 2013]. The 
amount of individual fuel types used in energy generation was as follows: oil consumption of 
52.4 Mtoe, natural gas consumption of 46.1 Mtoe, coal consumption of 16 Mtoe, electricity 
consumption of 2 Mtoe, and renewable energy consumption of 1.138 Mtoe. This accounting 
does not show nuclear energy consumption, because there are no nuclear power plants in 
Thailand. The majority of Thailand's primary energy consumption is primarily from fossil 
fuels. Natural gas and oil are dominant in Thailand, and Thailand's primary energy 
consumption, which is mostly from oil, was 44 percent of total energy consumption in 2012. 
(BP, 2012) 
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Figure 2.3:  Thailand Energy consumption by type of Fuel 2015 (BP, 2016) 
 
In 2015, Thailand total consumption of 125 Mtoe can be broken down as follows: Oil 
consumption of 56.6 Mtoe, natural gas consumption of 47.6 Mtoe, coal consumption of 
17.6 Mtoe, renewables consumption of 2.3 Mtoe and hydroelectric consumption of 0.9 Mtoe 
(BP, 2016).  
Generally, Table 2.1 refers to electricity derived from renewable energy by type of energy 
sector. The total is consumption in 2014 was 4,489 MW which can generated power generation 
potential of electricity by 2014 (DEDE, 2015). There are still a lot of remaining potential of 
renewable energy in Thailand 
Table 2.1 Renewable energy by type of energy sector in Thailand, 2014 (DEDE, 2015) 
 
Type of Renewable Energy 
Potential 2014 Remaining Potential 
MW(Electricity) MW MW 
Municipal solid waste (MSW ) 697 65 631 
Biomass 8,492 2,451 6,040 
Biogas 657 321 344 
Small Hydro Power 410 141 268 
Wind 14,141 224 13,916 
Solar 42,356 1,287 41,068 
Total 66,753 4,489 62,267 
 
Natural Gas, 
47.6, 38%
Oil, 56.6, 45%
Coal, 17.6, 
14%
Renewables, 2.3, 2%
Hydro electric, 0.9, 
1%
Thailand Engergy consumption by type of Fuel 2015
Natural Gas Oil Coal Renewables Hydro electric
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Of all the renewable energy of Thailand, biomass generators provide the most useful renewable 
power source as year-round power sources in this agricultural country. Renewable energy 
resources, such as biomass, solar, wind and hydropower, are preferable because they offer clean 
energy. There are 6,040 MW remaining potential energy production from biomass (DEDE, 
2015). 
2.1.3 Demand for Energy from Biomass and the Needs of the Future 
 
As the demand for energy increases in Thailand, the obvious solution for the future is renewable 
energy. Energy from biomass has the potential to provide electricity to the electricity grid. This 
energy from biomass can solve Thailand’s electricity crisis in the future (Panklip, 2015). 
Biomass obtained from agricultural sources can be used to produce electricity, heat and fuel. 
A more aggressive goal for the use of renewable energy has been set by the Ministry of Energy 
in Thailand. The Alternative Energy Development Plan (2012-2022) calculates a revised 
renewable energy consumption target of 25 percent within 10 years. This development plan 
has determined biomass residues of some of the biomass sources in Thailand. According to the 
figures, performance biomass energy for electricity generation is estimated to increase 
from about 1,959.9 MW in 2012 to 4,800 MW in 2022. With regard to energy supply, an 
estimation of biomass resources is essential to evaluate the electric energy potential. Moreover, 
researchers at the Department of Alternative Energy Development and Efficiency (DEDE) in 
Thailand also concerned and evaluated the rate of biomass energy potential for heat generation 
produced from agricultural residues in the plan. DEDE expect heat usage from biomass in 
Thailand increase from 4.346 Mtoe in 2012 to 8.5 Mtoe in 2022. Also, a renewable energy 
system can be started with a very small proportion of fuel for transportation, since biofuel from 
agricultural residues can be used to produce that fuel.  The Alternative Energy Development 
Plan (2012-2022) for ethanol and biodiesel generation estimates an increase of about 4.1millon 
litres per day (ML/day) in 2012 to 39.27 (ML/day) in 2022, which reflects the target rate of a 
25 percent increase within 10 years. (DEDE, 2013)  
 
2.2 Biomass Feedstock in Thailand 
 
2.2.1 Biomass Situation and Resources Assessment in Thailand 
 
As an agricultural country, Thailand has various food crops that can be converted into 
renewable energy including rice, sugar cane, cassava and several other agricultural residues. 
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Thailand has annually 41,714.38 Ktoe (kilo tonnes oil equivalent) of agricultural residues that 
can be converted into electricity and heat energy (DEDE, 2014). In addition, products such as 
waste from the agricultural and industrial sectors can also be used to produce electricity, heat 
and fuel. However, there are some problems associated with the use of agricultural residues. 
These include the high cost of collection and transportation, and that viability depends on price 
which has varied widely and sometime rapidly over the years. According to official estimates, 
renewable energy sources have taken the spotlight. This section investigates theoretically the 
potential energy of residues in some biomass sources which can contribute to the effort to 
reduce dependence on fossil fuels.  
  
As Figure 2.4 shows, the most significant potential sources of energy from biomass are rice, 
which in 2012 was used to produce 18.250 Mtoe and sugarcane, which was accounted for 
estimated to be 12.987 Mtoe. The energy unit is the tonne of oil equivalent described as the 
amount of energy that is released by burning one tonne of crude oil. It is equal to 42 gigajoules 
(Coccia, 2010). However, there is an ambitious target in The Alternative Energy Development 
Plan (2012-2022) requiring significant biomass residues development for electricity and fuel. 
In addition, oil palm has the potential to produce heat energy equal to 3.929 Million tonnes oil 
equivalent. Another biomass source was cassava, which was accounted for 
2.110 Mtoe, followed by maize, which was 2.046 Mtoe and rubber, which was used to 
produce 1.218 Mtoe. 
 
Moreover, other sources which contributed small amounts include coconut, groundnuts, cotton, 
soybeans, sorghum and pineapple, which accounted for 1.171 Mtoe (DEDE, 2012). 
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Figure 2.4: Biomass Residues in Thailand 2012 (DEDE, 2012) 
 
As table 2.2 shows, Thailand's production of agriculture residues made up a significant 
proportion of the biomass energy used to produce electricity in 2012. The total amount 
of feedstock agriculture residues in Thailand in 2012 was estimated to be 41,714.38 Kilo 
tonnes oil equivalent [DEDE, 2012]. Thailand’s biomass power plant produced and 
sold electricity to the Electricity Generating Authority of Thailand (EGAT) and the Provincial 
Electricity Authority (PEA).  
There are 88 power plants or a total capacity of 1465.68 MW, representing 4.3% of 
total electricity production capacity in Thailand [PEA, 2013]. Most feedstock is from 
sugarcane, rice, maize, cassava, oil palm, coconut, groundnuts, cotton, soybeans, sorghum, 
rubber, and pineapple and is used to produce electricity energy and heat energy for the 
residential and manufacturing sectors. The bulk of the residues available to be used in biomass 
energy production are from sugarcane and rice, which are the most important 
agricultural crops in Thailand.  
The main potential source of energy from biomass was rice straw, at 15.231 Mtoe. This 
includes a small proportion of paddy about 3.018 Mtoe along with residues from rice 
production in Thailand. Furthermore, the residues of sugarcane production was used to 
produce 7.673 Million tonnes oil equivalent. Also, the residue of bagasse of sugarcane 
was about 5.314 Million tonnes oil equivalent.  
 
 
 
Sugarcane, 12,987.78
Rice, 18,250.38
Maize, 2,046.31
Cassava, 2,110.85
Oil Palm, 3,929.05
Para Rubber, 1218.33
**0ther, 1171.68
Biomass residues in Thailand 2012
Unit : Kilo tonnes oil equivalent
**Other : Coconut, Groundnuts, Cotton, Soybeans, Sorghum, 
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Table 2.2 Feedstock agricultural residues in Thailand 2012 (DEDE, 2012) 
** Agricultural residues feedstock in Thailand, 2012  
(Kilo tonnes oil equivalent) 
Rice 
Straw 15,231.84  
Coconut 
Coconut Shell 112.77 
Paddy 3,018.54 Coconut Husk 231.86 
Sugarcane 
Top, Trashier 7,673.59 Frond, Empty 
Bunches 
217.26 
Bagasse 5,314.19 Groundnuts Groundnuts shell 4.60 
Maize 
Stalk Top 
Leave 
1,674.46 Cotton Cotton Stalk 2.28 
Cob Maize 371.85 Soybeans Stalk, Leaves, Shell 35.66 
Cassava 
Stalk 1,187.75 Sorghum Sorghum, Leaves, 
Stem 
29.80 
Rhizome 923.10 
Rubber 
Char-Coal 735.47 
Oil Palm 
Frond 925.96 Fuel Wood 340.26 
Fiber 994.32 Frond and Leaves 109.88 
Shell 1,068.08 Saw Dust 32.72 
Empty 
Bunches 
940.69 Pineapple Pineapple Stalk 537.45 
**Total of feedstock agriculture residues in Thailand 2012: 41,714.38 Ktoe 
 
2.2.2 Analysis of Biomass Feedstock in  Thailand 
Rice 
Rice farming is the largest agricultural sector in Thailand, both in terms of agricultural area and 
its percentage contribution to GDP, with cultivated areas in every region of Thailand, and 
annual paddy production of approximately 20 million tons. The agricultural residues or 
biomass left after harvesting are husk, straw, and stalk, with rice husk being 22% of the total 
rice production.  At present, rice husk, in the amount of approximately 4.6 million tons 
annually, is used as a fuel in the milling process, while some is sold to biomass based power 
plants.. Rice husk can be burned and the heat of combustion can be used as an energy source 
for rice mills. Currently, only 50.7% of the rice husk produced at the mills is being used as 
fuel.  The low price of rice husk leads to rising demand in other industries and hence only 
0.57% of rice husk is not used for fuel energy. Straw accounts for 49% of the total rice 
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production from rice fields. At present straw residues are used for electricity 
generation (at 12%), and for agricultural purposes (at about 50%). It is estimated that 29% of 
rice straw is not used, therefore it could be converted to 57,210.10 TJ or 1,366.18 Ktoe. 
Figure 2.5 shows rice production in Thailand. There is average ratio of rice production from 
one tonne of rice paddy and yield of electricity from rice husk has shown in Figure 2.4. 
 
Figure 2.5 Rice Production in Thailand (Jenvanitpanjakul, 2009) 
 
Use of husk in industries other than rice processing involves the handling and transportation of 
this low bulk-density (112–144 kg/m3) by-product. On-site use of husk in the rice milling 
process, which requires mechanical energy, avoids the necessity for transportation. Most of the 
rice mills require less than 1000 kW. In addition, the reciprocating steam-engine is suitable for 
power generation of less than 1000 kW. A reciprocating steam-engine can be operated with 
saturated steam generated from a simple fire-tube boiler, which requires much lower 
investment and a less experienced plant operator than the water-tube boiler used in the steam-
turbine system. Husk-fired steam engine rice-mills are commercially available. In a steam 
engine rice-mill, the milling equipment is driven by a steam engine fuelled by rice husks, while 
the milling equipment of electrical rice mills is driven by an electrical motor. 
Mechanical energy generated from steam engines can replace electricity 
consumption in electrical rice-mills. Using husk-fired steam-engine rice-mills could benefit 
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Thailand in several ways, including reduction of dependency on imported energy and reduction 
of rice production costs due to lower electricity consumption in the milling process. 
Recently, many new rice-mill owners have selected electrical rice mills because of their 
simplicity of operation and the lower investment needed compared to steam engine rice mills. 
However, some electrical rice-mill owners have suffered from higher production costs due to 
increases in the price of electricity (Sookkumnerd C. et. al., 2007). 
 
Sugarcane  
The sugarcane industry is one of the major agricultural industries in Thailand. In 
Thailand, there were 2.5 million acres of cultivated area of sugarcane in the period 2006/07. 
That area is mainly located in the centre of Thailand, the northeast of Thailand and the north 
of Thailand. The by-products of sugarcane that can be converted to biofuel are bagasse, and 
sugarcane leaves and tops. Bagasse is the residue from the milling process. Currently, almost 
100% of bagasse is used as a fuel for sugar production. Some sugar plants sell bagasse to the 
paper industry, furniture manufacturers, or power plants. Sugarcane leaves and tops are 
agricultural wastes left on the farm after harvesting. Some of the sugarcane leaves and tops are 
used as animal feed, fertilizer, and ground covering material, accounting for 10-30%, whereas 
the rest is either burnt or simply cut down. It is however estimated that 
available sugarcane leaves and tops could be used to produce 2,225.89 ktoe of biofuel. 
 
Figure 2.6 shows the sugarcane utilization chain. The sugar production in figure 2.6 shows 1 
ton of molasses produces 250 litres of ethanol. In addition, the average electricity yield of 
290 kilograms of bagasse is 100 kWh.   
  
The residual left from the juice extraction is bagasse which is a kind of lignocellulose biomass. 
Typically, the left-over bagasse after the juice extraction is about 30% by weight of the crushed 
sugarcane. All of the bagasse left from sugar mills is burnt in the boiler to generate high 
pressure steam, the major portion of which is used in the sugar production process, while the 
excess high pressure steam is used to drive the power generator in order to produce electricity 
to be sold to the Electricity Generating Authority of Thailand (EGAT). The equivalent amount 
of bagasse that contributes to electricity is called “excess bagasse”.  
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Figure 2.6 Sugarcane utilization (Sriroth, 2007)  
Cassava rhizome  
Cultivated areas of cassava are scattered across Thailand with the majority in the northeast of 
the country. The biomass from cassava is the rhizome, the stalk, the top, and the leaves. Almost 
100% of the rhizome is not used, but is left in the plantation before being burnt or ploughed in. 
It has found that only 0.9% of rhizome is used as fuel and that is in the east of Thailand. It is 
estimated that 66% of the cassava rhizome left from overall production that was not burnt 
and ploughed could be converted into fuels, which could account for 19,508.39 TJ (Terajoule) 
or 465.86 Ktoe of biofuel. About 14% of stalks, tops and leaves are collected by the crop 
growers for replanting. About 43% are left in the farm or burnt, which could be converted to 
an estimated 2,241.7 Ktoe of biofuel. 
 
Corn  
Biomass from corn is comprised of corncobs, corn stalks, tops, and leaves. Corncobs are used 
as biomass in the form of raw material for producing alcohol and ingredients for animal feed. 
The remaining biomass could be converted to 5,568.83 TJ or 132.98 ktoe of biofuel. Only 10% 
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of the stalks, tops, and leaves are used as fertilizer, biomass, and animal feed; only small 
amounts are used as biomass because of difficulties in storage and collection. 
 
Oil Palm  
Key cultivated areas of oil palm are in the south of Thailand. Oil palm residues left from the 
production process are used for fuel production and they include empty fruit bunch shell, palm 
shell and fibre. The shares of empty fruit bunch shell, palm shell, and fibre are 32%, 4%, and 
19%, respectively. At present, all fibre is used as fuel for both heat and electricity generation 
in palm mills and as fertilizer. The shell is sold to other industries for biofuel, with only 20 – 
30% remaining. Only 5% of the empty fruit bunch shell is used as fuel in the palm mills, with 
37% being used in biomass power plants. Some is used for agricultural purposes, i.e. fertilizer 
and mushroom cultivation. The remaining, accounting for some 38%, could be converted to 
134.34 ktoe of biofuel. Palm leaves are not utilized at all, but left to decay to fertilizer. 
Although, in the south of Thailand small amounts are used for animal feed.  
 
Rubber Trees 
80% of Thailand's rubber plantations are located in the south of Thailand.  The residues from 
cutting down rubber trees are roots, twigs, and stems, which are mostly left in the plantation, 
while the residues from sawmills and furniture are slab, sawdust and woodchip. Roots and 
small branches left in the plantation make up less than 40% of the residues. It is difficult to 
collect rubber roots and small branches for using as biomass in the thermal process; hence, the 
agricultural workers prefer to burn them or to use small twigs that can be easily bundled for 
use as raw material in the charcoal process. It is estimated that the energy potential of slabs and 
chips equals 6,710.77 TJ or 160.25 ktoe. For the residue in the sawmill process, either slab, 
saw dust or wood shavings are used as fuel in the mill itself and some are sold as biomass or 
used for plywood and in the charcoal process. Since the residues from furniture factories are 
all being used, these are not available for use as biomass. However, in some areas there is trade 
in rubber roots, accounting for 5% of total roots, and they are used for biofuel in the industrial 
sector. The potential energy extracted from roots is equivalent to 6478.90 TJ or 154.72 ktoe. 
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2.2.3 Energy Potential of Biomass in Thiland 
Table 2.3 summarises the data of the top most frequently utilized crops in Thailand. An 
independent study by the European Commission and Association of South East Asian Nations 
cogeneration (EC-ASEAN COGEN) Programme stated that energy potential from four main 
agricultural residues, namely bagasse, rice husk, palm oil wastes and wood residues from 
rubber trees were not included in the study (Prasertsan, 2006) because the amounts of surplus 
residue available are very small compared with rice paddy and sugarcane, as shown in Figure 
2.2. However another independent study by the EC-ASEAN COGEN Programme estimated 
that energy potential from four main agricultural residues, namely bagasse, rice husk, palm oil 
wastes, and wood residues from rubber trees in Thailand, was 11,200 GWh/year or 2985 MW 
(EC-ASEAN Cogen Program, 1998). 
Table 2.3 Estimation of energy potential of agricultural residues (Prasertsan, 2006) 
Type 
  
Production 
(106 kg) per 
year 
Residues 
  
RPR 
  
Energy 
use 
factor 
  
Surplus 
availability 
factor 
Amount 
of surplus 
residue 
(106 kg)/year 
1.Paddy 22,332 Husk 0.230 0.531 0.469 2,409 
  
Straw 
(Top) 
0.447 0.000 0.684 6,828 
2.Sugar 
Cane 
56,394 Bagasse 0.250 0.793 0.207 2,918 
  
Top & 
trashier 
0.302 0.000 0.986 16,793 
 
Type 
  
Calorific 
Value 
Energy in PJ Unit 
  
Energy in ktoe Unit 
 
(MJ/kg) PJ 
  
ktoe 
  
1.Paddy 14.27 34.37 814 
 
10.24 69.95 1,656 
2.Sugar Cane 8.31 24.25 574 
 8.7 146.01 3,456 
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Residues shown in Table 2.3 are normally available at the mills, which make them available 
for large-scale power production. Rice and sugarcane have a steady production over the year. 
While sugarcane and paddy productions were 154 and 61 tons per day, respectively, the oil 
palm has a production rate of 10 tons per day in 2006.  
 
In Table 2.3 the data focus only on the two main crops in Thailand. For instance, the production 
of paddy was 22,332 tons in 2006. RPR (Reserves-to-production ratio) is defined as follows: 
  
                            𝑅𝑃𝑅 =
𝑅𝑒𝑠𝑖𝑑𝑢𝑒𝑠 𝑚𝑎𝑠𝑠
𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑚𝑎𝑠𝑠
      (2.1) 
 
The total production mass (kg) is the total production of, for instance rice paddy or sugarcane, 
over a year. The residues mass (kg) is the mass of biomass such as husk or straw from rice 
paddy. 
The energy use factor, as also shown in the table, is defined as follows: 
 
  Energy use factor =
𝑏𝑖𝑜𝑚𝑎𝑠𝑠  𝑢𝑠𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑚𝑖𝑙𝑙 𝑓𝑜𝑟 𝑒𝑛𝑒𝑟𝑔𝑦
𝑟𝑒𝑠𝑖𝑑𝑢𝑒𝑠 𝑚𝑎𝑠𝑠
   (2.2) 
The biomass used by mill for energy is the mass of biomass that had been used in the rice mill 
or sugar mill for electricity or heat.  The surplus availability factor is defined as follows: 
 
Surplus availability factor = 1-Energy factor = 
𝑏𝑖𝑜𝑚𝑎𝑠𝑠 𝑛𝑜𝑡 𝑢𝑠𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑚𝑖𝑙𝑙 𝑓𝑜𝑟 𝑒𝑛𝑒𝑟𝑔𝑦 
𝑟𝑒𝑠𝑖𝑑𝑢𝑒𝑠 𝑚𝑎𝑠𝑠
 (2.3) 
 
However, the surplus availability factor also excludes some residue biomass that cannot be 
collected from rice field or sugarcane field. The amount of surplus residue and energy are 
defined as follows: 
 
𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑢𝑟𝑝𝑙𝑢𝑠 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 = 𝑆𝑢𝑟𝑝𝑙𝑢𝑠 𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑖𝑡𝑦 𝑓𝑎𝑐𝑡𝑜𝑟 × 𝑟𝑒𝑠𝑖𝑑𝑢𝑒𝑠 𝑚𝑎𝑠𝑠  (2.4) 
  Energy = 𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝑠𝑢𝑟𝑝𝑙𝑢𝑠 𝑟𝑒𝑠𝑖𝑑𝑢𝑒 × 𝐶𝑎𝑙𝑜𝑟𝑖𝑓𝑖𝑐 𝑉𝑎𝑙𝑢𝑒  (2.5) 
 
For example from Table 2.3, RPR for husk is 0.23 (for 1 unit of paddy). It means 1 ton of rice 
paddy has 0.23 ton of husk. So in this case, the residues of husk is 5,136 x106 kg. The rice 
husk energy use factor is 0.531 that is the ratio of husk used by the mills. The surplus 
availability factor (husk not used by the mill) is 0.469. Then the amount of surplus residue is 
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2,409 x106 kg per year. The heating value of husk is 14.27 MJ/kg. The energy is calculated as 
heating energy value from combustion. So the energy potential is 34.37 PJ (pita joule). Using 
the same factor for 2006 production, the energy potential is 36.94 PJ. A survey in 2006 
revealed that there were 215 mills with a capacity of over 100 tons of paddy/day. Total 
rice husk from these mills is estimated at 7917 ton/day (Prasertsan, 2006).  
From Table 2.3, surplus biomass from sugarcane gave energy availability of 24.25 PJ and 
146.01 PJ for both bagasse and top and trashier. Taking into account the compost 
and fibre board furniture use of bagasse, the energy potential of sugarcane is quite small when 
compared to rice husk.  
2.2.4 Cost Analysis for Biomass Fuel  
Table 2.4 shows the analysis of the cost of biomass, and covers five types of biomass: rice 
husk, rice straw, rubber slab, palm shell, and palm empty fruit bunch (Thapat, 2010). 
The price of rice husk has been increasing since 2007, from 22 US dollar /tonne in 2007 to 33 
US dollar in 2008, with a sharp increase to 64 US dollar /tonne in 2010. 
The exchange rate is 1 pound sterling is equal to 50 Thai Baht (Bank of Thailand, 2011) and 1 
US dollar is equal to 31.42 Thai Baht. The currency data is from the Bank of Thailand on 
October 3rd 2011. All the prices have been converted to US dollar and converted to same year 
(2011) as money base year. The future value in Equation 2.6 shows how to convert cost from 
any year to the money base year, 2011. 
 
𝐹𝑢𝑡𝑢𝑟𝑒 𝑉𝑎𝑙𝑢𝑒 = 𝑃𝑟𝑒𝑠𝑒𝑛𝑡 𝑉𝑎𝑙𝑢𝑒 × (1 + 𝐼𝑛𝑡𝑒𝑟𝑒𝑠𝑡 𝑟𝑎𝑡𝑒)𝑛            (2.6) 
 
 
The higher the demand for rice husk to produce electricity, the more the price of rice husk 
increases. The price increases shown in Table 2.4 reflect the fact that a lot of rice husk was 
used to produce biofuel in this time period (Sookkumnerd C, et. al., 2007). 
This factor also affects rice straw prices, with the price being approximately 32 US dollar /ton 
in 2007. Straw from 1 Rai (0.395 acre) of rice cultivation can be compacted into 24-25 
bales. Interviews with farmers in the centre of Thailand revealed that the price of straw (2010) 
increased from 56 US dollar /ton to 64 US dollar /ton (Thapat, 2010). 
Rubber wood chip prices tended to decrease from 28 US dollar /ton in 2007 to 21 US dollar 
/ton in 2008, but the price of rubber wood chips has not changed much compared to other 
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types of biomass. It fluctuates yearly because of the unpredictable production of rubber that is 
affected by flooding in the south of Thailand. 
Palm shell has been used as a substitute for fuel oil in many factories due to the energy cost 
savings; therefore, demand for it is high. That is why the price is significantly higher in 2010. 
Palm empty fruit bunch can be utilized by power plants, with an average price of 1.6 US dollar 
/ton. 
Table 2.4 The price of biomass (Thapat, 2010). 
Price of Biomass (Year) 2007 2008 2010 
rice husk (US dollar /ton) 22 33 64 
rice Straw (US dollar /ton) 32 56 64 
rubber wood chip (US dollar/ton) 28 21 24 
palm shell (US dollar /ton) 41 48 64 
palm empty fruit bunch (US dollar /ton) 1.6 3.5 0.8 
 
2.2.5 The National Energy Policy Council (NEPC) Renewable Energy Development 
Plan 
 
The National Energy Policy Council (NEPC) approved a 15-year renewable energy 
development plan (2008-2022) divided into three stages: short run, medium run, and long run, 
as shown in Table 2.5. The plan focuses on increasing domestic alternative energy (biogas, 
biomass, wind, nuclear, ethanol) use to replace fossil fuel imports. For example, in order to 
achieve the short run target i.e. 10,960 ktoe (2011) reduction (42%) in fossil fuel use of total 
energy use by 2016, electricity produced from biomass and other renewable sources should be 
increased by 28% from 3273 megawatts (MW) in year 2011 to 4191 MW (2016).  Also, 
consumption of heat energy from biomass and other renewable sources should be increased by 
34.5% to 5582 ktoe (2016). In addition, biofuel (ethanol and biodiesel) use must be increased 
by about 64% to 3,591 million litres (2016). 
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Table 2.5 Targets for Thailand’s 15-year renewable energy development plan (Department of 
Alternative Energy Development and Efficiency of Thailand, 2008) 
 
Form of 
energy 
Sources 2008 2011 
Short run 
2016 
Medium run 
2022 
Long run 
Unit 
1.Electricity Total 1750 3273 4191 5680 MW 
 Biomass 1650 2800 3220 3700 MW 
 Other 140 473 971 1980 MW 
2.Heat Total 3007 4150 5582 7433 ktoe 
 Biomass 2781 3660 5000 6760 ktoe 
 Other 226 490 582 673 ktoe 
3.Biofuel Total 725 2190 3591 4927 Million 
litres 
 Ethanol 328 1095 2263 3285 Million 
litres 
 Biodiesel 397 1095 1328 1642 Million 
litres 
Targets: fossil fuel reduction 10,960 15,580 19,800 ktoe 
 
2.2.6 Comparison between the cost and heating value of biomass  
 
From Table 2.6, from all types of biomass, it is rubber slab which has the highest cost per unit 
of heating value. However, rubber slab is rare and hard to find in Thailand. The comparison of 
cost per unit of heating value shows that palm empty fruit bunch has the lowest figure, i.e. 
0.00045 US dollar/MJ, while coal is 0.0048 US dollar MJ. It can be concluded from the initial 
analysis of eight biomass types and coal prices that the cost of coal is higher than any other 
biomass especially rice husk and bagasse. The cost is lower for other biomass types, for 
instance rice husk, rice straw, palm shell, and rubber slab. Wherever possible, the utilization of 
biomass from a local source is ideal due to reduced transportation costs. 
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Table 2.6 Comparison of the costs per heating value of biomass (Thapat, 2010). 
 
 
2.3 Biomass Technologies 
2.3.1 Biomass Power Generator Technologies  
Heat and electricity generation from biomass are widely used. For this, the facility 
configuration varies from small scale to power plant scale (Delivand et.al, 2011). Currently, 
there are four main configurations for converting biomass to electricity by thermo-
chemical processes. They are described as follows: 
 
Direct-Fired Combustion 
Direct-fired combustion systems are mostly used for converting biomass to heat 
energy. Biomass is directly combusted in a boiler, and the steam produced flows through a 
turbine, which connects to a generator to produce electricity. A condensing turbine can be 
designed to extract the thermal use of steam during or after passing the turbine, known as an 
extraction or back pressure turbine. Many industries, such as sugar mills and paper mills utilize 
steam in their process. This system, which generates both heat and electricity, is called 
“cogeneration”, and is considered to be the most efficient 
 
Co-firing Combustion 
Co-firing between biomass and coal is employed in many coal-fired power plants to reduce air 
pollution, especially sulphur dioxide emissions. Although the heating value of biomass is 
  Rice Husk 
Rice Palm Palm Rubber 
Bagasse 
Cassava 
Corncob Coal 
Straw Shell Bunch  Slab Rhizome 
Heating 
Value 0.44 0.40 0.55 0.23 0.21 0.24 0.18 0.31 0.84 
(MJ/kg) 
Price 
28.97 24.77 50.35 3.32 27.74 4.84 9.68 22.16 125.42 
($/ton) 
Prices 
0.03 0.02 0.05 0.00 0.03 0.01 0.01 0.02 0.13 
($t/kg) 
Cost per unit 
of heating 
Value 
($/MJ) 
0.002 0.002 0.003 0.0005 0.004 0.002 0.002 0.002 0.005 
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lower than that of coal, biomass prices available near the power plants are much cheaper as 
shown in table 2.6. 
 
Gasification 
Gasification technology has been developed for the use of biomass, whereby biomass is 
converted to fuel gas. Gasification is the incomplete combustion of biomass, resulting in the 
production of combustible gases consisting of carbon monoxide (CO), hydrogen (H2) and 
traces of methane (CH4).  This mixture is called producer gas or syngas. Currently, 
gasification is widely used on an industrial scale to generate electricity. 
 
Pyrolysis  
Pyrolysis is the process of partial oxidation between oxygen, steam, or carbon dioxide. 
Pyrolysis converts biomass in the solid state, which is predominantly a compound of carbon, 
hydrogen and oxygen, into combustible gas, i.e. carbon monoxide, hydrogen, and methane, all 
of which are eventually burnt to generate heat. However, pyrolysis product has solid residue, 
non-condensable gases and liquid fractions, which can be used as fuel. Char is the solid residue, 
including mainly carbon, and can be used in active carbon products (Cheung, 2011). 
 
Table 2.7 shows the conversion efficiency data of biomass technology in Thailand. These 
technologies focus on electricity output. There are two processes that are used in a biomass 
power plant. These are boiler operation and stream turbine generator systems. For instance, a 
rice husk based power plant uses direct combustion technology. The generator efficiency is 
0.28. In addition, the boiler efficiency is 0.85 in combustion technology. Bagasse is another 
feedstock and uses the same technology as rice husk.  Co-ﬁring of ‘as-received’ sugar cane 
bagasse and rice husk in a conical ﬂuidized-bed combustor (FBC) using silica sand as the bed 
material becomes feasible for energy conversion in the ﬂuidized-bed combustion systems 
(Kuprianov, 2006). 
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Table 2.7 Conversion Efficiency 
Biomass Conversion 
technology 
Boiler 
Efficiency 
Generator 
Efficiency  
Capacity 
MW 
Reference 
Rice husk Direct 
combustion 
0.85 0.28 22 (AngorBioCpgen Rice 
Husk Power Project, 2005) 
Rice husk Gasification 0.9 0.30 4 (Perter Quaak, 1999) 
Bagasse Direct 
combustion 
0.85 0.28 32.3 (Dan Chang Plant, 2000) 
Bagasse Gasification 0.9 0.30 16.8 (Eric D. Larson, 2000) 
 
2.3.2 Biomass base power plant cost 
 
The relevant costs of generating electricity can be divided into four main categories. 
 Capital cost: the initial level of investment required to engineer, produce and 
construct the plant itself. The data of plant cost was reported for different years and 
plant scale.  So the cost change the scale of the capital cost can follow by Equation 7 
(Tsakalova, 2011) is adopted for scaling: 
𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 𝑖𝑛 𝑦𝑒𝑎𝑟 2011 = 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝑐𝑜𝑠𝑡 𝑖𝑛 𝑎𝑛𝑦 𝑦𝑒𝑎𝑟 × (
𝑆2
𝑆1
)
0.62
 (2.7) 
S1, S2 is two levels of throughput. 
In this research, the base year of financial numbers is 2011. 
 Fixed costs of operation and maintenance, staff salaries, insurance, rates and other 
costs. 
 Variable costs of operation and maintenance, lubricating oil and chemicals. 
 The cost of fuel consumed in generating electricity. 
 
2.3.3 Ethanol Plants 
  
Figure 2.7 shows a simplified flowchart of the molasses-based ethanol (MoE) production 
process. Although molasses is a common feedstock for ethanol production in tropical 
countries, there is a constant risk of shortage, due to high demand for this commodity in both 
domestic and international markets, resulting in large fluctuations in molasses prices. 
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The process consists of two main steps. First, molasses is diluted with yeast (in the presence of 
nutrients), which yields dilute alcohol. Second, the fermented mash is passed through a 
distillation system and then a dehydration system to produce anhydrous alcohol, 
i.e. having 99.5% strength. The residue mash, called stillage, can be used as fertilizer or animal 
feed, or it can be further refined into biogas for energy production. 
 
The molasses-based ethanol (MoE) representing one of the main suppliers to Thai oil 
companies. The cogeneration systems was employed to produce both steam and electricity to 
achieve plant energy demand in the factory. Coal represents a major part of the distillery energy 
requirement (59%), followed by rice husk (39%) and biogas (2%). The 2% biogas component 
is produced from anaerobic digestion of 12% stillage in UASB (Upflow Anaerobic Sludge 
Blanket) reactors. The remaining stillage is stabilized in an anaerobic pond.  
 
Figure 2.7 Molasses-based ethanol production processes (Nguyen, 2008) 
 
2.4 Optimisation 
 
2.4.1 Optimisation Methods 
A definition of optimisation is “The optimization process typically starts with the 
parameterization of the model and is then followed by a search process using different 
algorithms and strategies based on the evaluation of a measure of merit” (Samareh, 1999) 
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Deterministic system 
 
A deterministic system is a system in which no randomness is involved in the development of 
future states of the system such as linear programming (LP), non-linear programming (NLP), 
mixed-integer linear programming (MILP), and mixed-integer non-linear programming 
(MINLP).  
  Linear programming (LP) problem  
Linear programming (LP) problem is defined as the problem of maximizing or minimizing a 
linear function subject to linear constraints. If only some of the unknown variables are required 
to be integers or discrete, then the problem is called a mixed integer programming (MIP) 
problem 
 Non-linear programming (NLP) 
Non-linear programming (NLP) is the method or process of solving a mathematical problem 
(with or without constraints), over a group of unknown variables along with an objective 
function to be minimized, where the objective function or some of the constraints are nonlinear. 
 Mixed-integer non-linear programming (MINLP) 
Mixed-integer non-linear programming (MINLP) refers to mathematical programming with 
continuous and discrete variables and nonlinearities in the objective function within certain 
constraints. MINLP can solve non-linear modelling equations (Schweiger and Floudas, 
1999). An example of an MINLP model is proposed for the operational management 
optimisation of offshore oil fields.  
 
In the latter model, non-linear equations are extensively used to model the pressure drops in 
pipes and wells for multiphase flow.Non-linear cost equations have been derived for the 
production costs of each well accounting for the length, the production rate and their 
maintenance. Operational decisions determine the oil flow rates, the operation/shut-in for each 
well and the pressures for each point in the piping network (Richard J. Barnes et al, 2006). Van 
den Heever and Grossmann (2000, 2001) have proposed a mixed-integer non-
linear programming (MINLP) model with simultaneous approach for oil field planning which 
directly deals with non-linearity and can be solved in a reasonable amount of computer time. 
Deterministic optimization can lead to multiple local optimums so that it is difficult to solve 
MINLP problems as both non-linear equations and binary variables are involved (Grossmanm 
et al, 2004; Floudas, 2000).  
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Stochastic optimisation 
 
Stochastic optimisation is characterised by the fact of how solutions are searched in feasible 
region and stochastic way is introduced to avoid trapping in local optimum. For example, 
stochastic optimization methods also include methods with random.  
 
 Genetic algorithm 
A genetic algorithm is based on Darwinian Theory of natural selection to search for the 
optimum solution by heuristic algorithm. A genetic algorithm (GA) is a stochastic global search 
method that mimics the metaphor of natural biological evaluation. It is slow to converge due 
to the absence of statistical parameters involved in the termination criterion (Papadopoulos and 
Linke, 2004).  
 Ant colony 
The ant colony optimisation algorithm is based on the searching food behaviour of ants. The 
ant colony optimisation is a probabilistic technique for solving computational problems which 
can be reduced to finding good paths through graphs. Ant colony optimisation algorithms have 
been applied to many combinational optimisation problems, such as routing vehicles, and can 
be run continuously to adapt to changes at run-time (Dorigo and Blum, 2005).  
 
 Tabu search 
Tabu search is a mathematical optimization method belonging to the class of trajectory based 
techniques. In the simplest form, a tubu list is a short-term memory which contains the solutions 
that have been visited in the recent past. Tabu search was called adaptive memory programing, 
is a method for solving problem of optimization. The best decisions on order to maximise some 
measure of merit (such as maximising profit, quality and scientific benefit) or minimise some 
of demerit (cost, waste and scientific loss) are the solution (Glover F, 2013) 
 
 Simulated annealing 
Simulated annealing is a probabilistic method proposed for finding the global minimum of a 
cost function that may possess several local minima. The inspiration for simulated annealing 
is the ancient process of forging iron. Instead of optimizing the metal’s hardness, it optimized 
profits. Annealing is the word for heating a metal and the cooling it slowly. Simulated 
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annealing was successfully applied to continuous reactions, separation systems (Cardoso et al, 
2000), batch distillation (Hanke and Li, 2000) and molecule design (Marcoulaki and Kokossis, 
2000). A Markov chain, named after Andrey Markov, is a mathematical system that undergoes 
transitions from one state to another in a chain-like manner. It can design a more flexible 
optimisation program to the optimisation process during the run-time in order to use the 
computational resources more effectively (Du, 2010).  
 
The advantages and disadvantages of stochastic optimization have been reviewed by Fouskakis 
and Draper (Fouskakis and Draper, 2002). In contrast to deterministic optimization algorithms, 
stochastic optimization incorporates random elements in the problem data (objective function, 
termination criteria, etc.) and/or in the algorithm itself. It is another way to get the maximum 
or minimum solution. Stochastic optimization algorithms are widely used in business, 
academic research and industry. 
 
2.4.2 Biofuel Supply Chain Optimisation Models 
State of the art of optimal utilization of biomass and biofuel supply chain 
 
Table 2.8 shows that the majority of studies focus on the strategic levels. However, few studies 
have been done on the operational levels of biomass supply chains. Zhang and Hu (2013) 
present a mixed integer linear model for the overall supply chain design.  Strategic levels is 
entire manufacturing system. Each plants produce one or several major final products or 
intermediate products. The operation levels is individual plant. Each plant consist many group 
of equipment and complete a particular processing function. 
 
There are also a considerable number of studies using mathematical programming, but the 
papers which employ multi-criteria decision analysis are still rare. Akgul et al. (2011) present 
mixed integer linear programming models to determine the optimal planning of a bioethanol 
supply chain for minimising the total supply chain cost.  
 
Most of the studies are based on cost optimization by considering single objective and just few 
authors consider multiple-objective. Huang et al. (2010) propose multi stage mixed integer 
linear programming to model biofuel supply chains, the goal is to minimize the cost of the 
entire supply chain of biofuel as well as satisfying demand and other side constraints.  
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Still, too few papers optimise the whole supply chain and consider storage between farms and 
biorefineries and also most papers represent just on-farm storage. Most of biomass supply chain 
models are based on single type of biomass and very few authors deal with multi-biomass and 
different parts of biomass. Ekioglu et al. (2009b) propose a mathematical model to design a 
supply chain and manage the logistics of biorefinery. Two biomass such as corn stover and 
woody biomass are considered.  
 
In addition, most authors consider the road transport for biomass logistic. Some studies deal 
with multi-model transport.  
 
Table 2.8 Publications applying mathematical programming for multi-period horizon 
(Atashbar, 2016) 
 
Publication Multi 
biomass 
Facilities 
Several Conversion facilities Centralised storages 
  Existing To Locate Existing To Locate 
Ekioglu et al. (2009b) o o o   
Huang et al. (2010) o o o   
An et al. (2011) o o o o  
Giarola et al. (2011) o o o   
Papapostolou et al. (2011) o     
Shastri et al. (2011)    o o 
Zhu et al. (2011)  o o o o 
Zhu and Yao (2011) o o  o o 
You and Wang (2012) o o o   
Akgul et al.(2012) o o o   
Bernardi et al. (2013) o o o   
Sharma et al. (2013)    o  
Zhang and Hu (2013)  o o   
Xie et al. (2014) o o o   
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Supply chain management (SCM) has been a very widely applied approach for coordinating 
and controlling in an integrated manner all the stages that many seem independent in previous 
considerations, recognizing that any parameter affecting one specific point of the supply chain 
(SC), in fact affects its entire behaviour and performance (Papapostolou, 2011). The 
applications of the mathematical modelling approaches to bioenergy supply chain are focused 
on the development of process models and simulation tools to facilitate the assessment of 
supply chain performance. Many research studies have been carried out (Huang et al., 2010, 
Van Dyken et al., 2010) dealing with optimisation of the SC performance taking into account 
different scales. However, classical modelling of biomass SC (Figure 2.8), revealing the best 
possible energy mix, taking into consideration the type and quantities of available raw 
materials, the conversion technologies, as well as the demand side needs, is not extensively 
investigated. 
 
Figure 2.8 Classical biomass supply chain 
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Current sugar and rice to biofuel supply chain in Thailand 
 
The system boundary of the molasses-based ethanol life cycle is shown in Figure 2.9. Major 
operating units located inside this boundary are sugar cane farming, molasses generation, and 
ethanol conversion. Transportation is a component of all operating units. Also included is the 
production of various items which are energy or energy-related material inputs in sugar cane 
farming, e.g. fertilizers, herbicides, diesel fuel, and labour. 
Around one year after new crop cultivation, cane stalks are cut and ready for sugar milling 
whereas the remaining parts, e.g. leaves and tops (termed cane trash) are either open burned or 
used for low-end applications. Sugar milling involves a series of process stages, e.g. crushing, 
clarification, boiling, seeding and centrifuging to extract sugar crystals from the cane. The 
process leaves behind two key co-products: one is a sticky black syrup termed molasses, the 
other, a straw-like residue termed bagasse. Sugar mills commonly burn bagasse to produce 
steam and electricity for their operation and export excess electricity to the grid. 
 
Figure 2.9 Supply chain for molasses-based ethanol (Nguyen, 2008) 
 
The rice supply chain in Thailand includes all physical and logical components such as raw 
materials, machineries, trucks, fuel and labour which affect the costs of the supply chain. An 
overview of the rice supply chain in Thailand is shown in Figure 2.5. 
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Logistics of biofuel supply chain optimisation model 
 
Most biomass fuel strategies include three phases (Asia Renewables, 2010). The first phase is 
identifying biomass-rich agricultural regions. The second phase is securing biomass supply 
contracts with both individual and industrial suppliers. The final phase is customizing a power 
plant based on type and availability of feedstock within the region. 
The publications about sugar cane supply mainly focus on the transportation of the harvested 
crops to the mill. Dı´az and Pe´rez (2000) developed a simulation model for the road transport 
of sugar cane in Cuba. For the same country, Lo´ pezMila´n et al, (2006) developed a mixed-
integer programming model for scheduling the deliveries on a single day. Supsomboon and 
Yosnual (2004) presented a stochastic model which helps sugar mills to optimize their order 
quantities, given the uncertainties of agriculturists’ delivery lead-times and quantities. Yosnual 
and Supsomboon (2004) provided an integer programming approach for the supply of a mill 
using two types of trucks.  
 
Prichanont et al. (2005) used discrete-event simulation to demonstrate that the number of trucks 
should be drastically reduced in order to avoid excess supplies. There is a massive literature 
base of supply chain methodologies, mainly for systems in manufacturing (see Chan and Chan, 
2005 for a review) and automobiles industries (Singh et al., 2005). The application to sugar 
cane (and other agriculture) is usually more complex than manufacturing and automobile 
industries (Higgins et al., 2007). Not only can the excess bagasse be utilized as a renewable 
fuel source for electricity generation but it is also desirable as the feedstock for ethanol 
production.  
 
Therefore, the important technique of multi-objective optimization is necessary, and has been 
chosen for a study (Buddadee, 2008). The tool called “Environmental System Optimization” 
(ESO) was developed to assist in deciding the proper utilization scheme of excess bagasse 
generated in the sugarcane industry in Thailand. ESO comprises the life cycle impact 
assessment of global warming potential (GWP) and the associated cost followed by the 
multiple objective optimization.  
 
ESO involves the selection of location and size of the ethanol production plants. It also allocates 
the excess bagasse from each sugar mill to the corresponding ethanol plant and calculates the 
benefit on GWP and economics. The GWP and economic criteria are simultaneously taken into 
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account. The GWP objective includes the impact of the emission of all GHGs, especially CO2, 
on global warming potential. The economic objective involves cost and benefit. Multi-
objective optimization used in ESO provides a more effective approach to environmental 
system management by offering a number of alternative optimal solutions and enabling 
decision-makers to identify and choose the best practicable environmental options for excess 
bagasse utilization in Thailand.  
 
A demonstration example for the whole area of North-eastern Thailand is presented (Buddadee, 
2008) to illustrate the advantage of the methodology which may be used and beneficial to the 
policy maker. It is obvious that the methodology is successfully used to satisfy both 
environmental and economic objectives over the whole life cycle of the system. 
 
2.4.3 Superstructure 
 
Multiple possibilities concerning the resolution of analysis, block diagram account for the 
elementary unit to integrate in a production route to create a superstructure. 
Superstructure is the flow sheet that partitioned into process units and interconnecting nodes. 
The aim of the superstructure optimisation method is to find a combination of all parameters 
which can generate the maximum value of the desired product. Each block diagram is named 
because the essential task for the system plantform is to synthesise superior prosuctin system 
The approach employs a superstructure scheme that is formulated mathematically as an 
optimization model to first apply as a targeting tool (Ramagopal et al., 2006). There are some 
superstructure applications in optimisation. For instance, the superstructure of optional 
arrangements (optimization problem) is modelled as a mixed integer non-linear programming 
(MINLP) model where binary variables (0–1) are used to select the equipment for a 
cogeneration plant. The resulting MINLP mathematical model can be used for synthesis as well 
as for analysing different design alternatives. The solution obtained by the proposed 
mathematical model provides the basic design. Each design solution that can be represented by 
the superstructure is defined by the number, type and size of units, and operational 
characteristics (Labrador-Darder, 2009). 
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2.4.4 General Algebraic Modelling System 
 
The General Algebraic Modelling System (GAMS) is a high-level modelling system for 
mathematical programming and optimization. It consists of a language compiler and a stable 
of integrated high-performance solvers. GAMS is tailored for complex, large scale modelling 
applications, and allows you to build large maintainable models that can be adapted quickly to 
new situations.  
2.5 The analysis state of the art of the literature review 
 
The proposed mathematical model contributes to the state of the art by considering the 
following aspects: 
1) None of the reviewed papers considers economic aspects for biomass utilisation in 
Thailand.  
2) None of the reviewed papers considers lignocellulosic ethanol plants in Thailand. 
3) In the literature, there is no optimisation that calculates utilisation of biomass to produce 
ethanol and electricity in Thailand. 
4) This study is a tool and information for decision-makers such as business investors or 
stakeholders in the biomass energy business building new biorefinery plants in 
Thailand. It is also fills a gap necessitated by the 15-year renewable energy 
development plan has been set by the Thai government, which has targets to increase 
electricity generation by 32%, from 2,800 MW in 2011 to 3,700 MW in 2022, and also 
to increase consumption of ethanol by 200%, from 1,095 million litres in 2011 to 3,285 
million litres in 2022 (Department of Alternative Energy Development and Efficiency, 
Thailand, 2008). 
5) In the literature, many constraints are not straight obtainable. In order to integrate these 
into this optimisation model, this research has generated formulations by evaluating the 
scenario instructions and data available in the literature. 
6) Although this work provides a model specifically for husk and bagasse, it can also be 
used as a basis for and applied to biomass production from any other types of energy 
crops. 
7) This research is the only paper that determine the methodology to utilise the husk and 
bagasse as the input to produce electricity and ethanol. 
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Chapter 3 
Methodology 
 
3.1 Introduction 
The research methodology is divided into two parts:  
1. Simulation approach 
2. Optimisation approach 
The simulation approach uses exhaustive simulation to calculate the most suitable result for 
the upstream side of the biofuel supply chain. The simulation approach takes into account only 
the technology section. The exhaustive simulation is the calculation of all possibilities in order 
to compare the different processes for the supply chain of the rice and sugarcane industries, as 
well as how the process model and the configuration model of the rice and sugarcane supply 
chain have been built to apply in exhaustive modelling. Secondly, it presents the economic and 
profitability analysis of all configurations. Finally, it shows the sensitivity analysis of factors 
such as feedstock price, product price or energy price and how these affect the payback period 
of the rice and sugarcane businesses. 
The suitable technology in the simulation approach will be apply in the optimisation approach. 
The food production such as rice and sugar will not take in to account in the optimisation 
approach. 
The optimisation approach uses a superstructure model and MILP optimisation algorithm to 
calculate the most suitable of biofuel supply chain in Thailand.   The model has been developed 
to determine the optimal biomass utilisation for Thailand. The proposed model takes into 
account using biomass as a raw material. However, there are many kinds of biomass available 
in Thailand.  This model  focuses on biomass from rice and sugarcane production as the 
feedstock. The biomass from rice production is rice husk and rice straw. The biomass of 
sugarcane production is molasses, bagasse, dry sugarcane (by product of sugar mill) and tops 
and leaves of sugarcane.  
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3.2 Simulation approach 
 
3.2.1 Exhaustive model structure 
Along with optimisation, the methodology for this research is the exhaustive modelling 
approach. Exhaustive modelling is simple, effective and obvious, using terms which enable an 
understanding of the problem in depth, but has disadvantages in that it is tedious, manual and 
time consuming. The idea behind exhaustive modelling is to generate, from any given model 
of a particular structure, all possible models having the same structure and input-output 
behaviour. For small sized model problems, exhaustive modelling works well and provides all 
possible solutions. However, for larger sized problems, it is not pragmatic in a practical time 
limit. The exhaustive approach is proven to be suitable for screening different options (Solda, 
2011). The simulation approach was found to be best suited for this task, with one simplified 
model built for every single process for ethanol production and for energy generation. An 
explanation is shown in Figure 3.1, which shows a block diagram that represents an elementary 
block to integrate in a production chain. The block diagram in this modelling accounts for a 
plant section such as a sugar mill, rice mill, electricity power plant or ethanol plant. Each block 
diagram has two inputs and two outputs. Each plant is illustrated as a single block diagram. 
The connection of each block diagram form a configurable formulations (superstructure).   
 
 
Figure 3.1 a block diagram of exhaustive modelling 
One of the objectives of this work is defining the exhaustive modelling approach to 
demonstrate the selection of options. The sugarcane mill and rice mill had been selected as the 
most suitable technology on simulation approach. Figure 3.2 shows the superstructure of the 
sugarcane mill and rice mill biomass supply chain had been created from each block diagram 
to connect each other. The simulation approach is aim to select of the technology option.    
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Figure 3.2 Superstructure of the sugarcane mill and rice mill biomass chain  
 
The first conversion technology in Figure 3.2 was calculated in the simulation approach. The 
optimisation approach will select the most suitable second technology in the superstructure of 
the biomass chain. That mean only first conversion technology take in to account on this stage. 
There are 16 model that represent all possibilities first conversion technology in the 
superstructure. Each model was called configuration in this research.  
Overall configuration model 
 
Figure 3.3 shows four individual technology block diagrams that form the generic model. The 
four block diagrams are rice mill, sugar mill, biomass based power plant and ethanol plant. All 
four block diagrams connect to each other and create a new generic model of the sugarcane 
mill and rice mill biomass chain. In this research, the new generic model of the sugarcane mill 
and rice mill biomass chain that has the type of technology added in each block diagram is 
called a “configuration”. The details of each technology process block diagram are describe in 
this section. All the rescaled data from the literature have been calculated on a 1 ton input basis. 
The reason for using 1 ton basis is to create a general standard for each block diagram. It would 
be manageable and uncomplicated to up or down scale the feedstock. 
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Figure 3.3 Generic model of sugarcane mill and rice mill biomass chain  
 
Each block diagram represent each technology. There are 8 type of block diagram or 8 different 
technology. All technology has the same amount of input (1 ton). The standardise of the input 
use for simplify any scale of input in any technology. 
 
Rice mill block diagram 
 
There are two types of process for rice mill block diagrams. These are the electrical rice mill 
model and the steam rice mill model. The first block diagram described here is the electrical 
rice mill model. The model with mass and energy balance for each process is presented in 
Figure 3.4. The electrical rice mill model input is 1 ton of rice paddy. Only input, output, 
product, by-product and energy required are reported. In this process, the electrical energy feed 
is 40 KWh/ton of rice paddy (Jenvanitpanjakul, 2009). 
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     Figure 3.4 Electrical rice mill block diagram 
 
The second block diagram of a rice mill process is the steam rice mill.  This process is given 
in Figure 3.5. All 0.22 ton of rice husk is used for steam engines as an energy-saving technology 
to run the mechanical engine in the rice mill. Table 3.1 show the requirement of rice husk for 
generation of steam in a steam engine rice mill (Sookkumnerd, 2004). The boiler steam 
pressure is 8.53 Mpa and the temperature is 540 °C. 
 
Table 3.1 Requirement of rice husk for generation of steam (Sookkumnerd, 2004). 
Parameter Value Unit 
Boiler Capacity 4.5 Ton per hour 
Steam production per day 108 Ton per day 
Calorific value of rice husk 3150 Kcal/kg 
Combustion efficiency of rice husk 83.7 % 
Heat available on combusting per kg 2636.55 Kcal/kg 
Total required heat input to steam 2996100 Kcal/kg 
Rice husk requirement per hour 1.1 Ton per hour 
Rice husk requirement per day 120 Ton per day 
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Figure 3.5 Steam rice mill block diagram 
Sugar mill block diagram 
There are two types of sugar mill process. These are the manual control sugar mill process and 
the automated control sugar mill process. The first one described is the manual control sugar 
mill process. The block diagram of this process is given in Figure 3.6. The energy requirement 
for the manual control sugar mill is 25 KWh of electricity and 0.4 ton of steam per 1 ton of 
sugarcane (Sriroth, 2007). The conversion rate from sugarcane to sugar is 10% and the 
conversion rate from sugarcane to molasses is 7%. The manual control sugar mill uses a senior 
worker to control all conditions (time, temperature, pressure) in the crystallisation tank. The 
manual control sugar mills is the traditional sugar mill in Thailand. In the past, automated 
controlled crystallisation tanks were expensive and not practical to use in Thailand (Sriroth, 
2007). 
 
 
Figure 3.6 Manual control sugar mill block diagram 
The second technology of sugar mill is the automated control sugar mill process. The block 
diagram of this process is given in Figure 3.7. The energy requirement for the automated 
control sugar mill is the same as for the manual control sugar mill. The automated control sugar 
mill has a higher conversion factor for sugar than the traditional one. The conversion rate from 
sugarcane to sugar is 12% and the conversion rate from sugarcane to molasses is 5% (Nguyen, 
2008). The automated control crystallisation tank is a new technology and profitable for 
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builders of new sugar mill plants in Thailand. However, it is more expensive than the traditional 
type (Nguyen, 2008).  
 
Figure 3.7 Automated control sugar mill model 
Processes for ethanol plant block diagram 
There are two types of ethanol plant technology. The first one is the continuous ethanol plant 
process. The block diagram of this process is given in Figure 3.8. The energy requirement for 
the continuous ethanol plant is 0.84 MWh of electricity per ton of molasses. The process also 
needs 5.36 litre per ton of molasses for the utility. The conversion from molasses to ethanol is 
35% (Rattanapan, A. et. al., 2011). The significance of continuous ethanol plant is mentioned 
in configuration 1 section. The process of the ethanol plant is explained in section 2.3.3 in 
Chapter 2. 
 
 
Figure 3.8 Continuous ethanol Plant block diagram 
 
 
The second technology is the batch ethanol plant process. The block diagram of this process is 
given in Figure 3.9. The energy requirement for the batch ethanol plant is the same as for the 
continuous ethanol plant. The conversion from molasses to ethanol is 28%, lower than in the 
continuous ethanol plant (Rattanapan, A. et. al., 2011). However, it is less expensive than the 
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continuous ethanol plant. The significance of the batch ethanol plant is mentioned in 
configuration 1 section. The process of the ethanol plant is explained in section 2.3.3 in Chapter 
2. 
 
 
Figure 3.9 Batch ethanol Plant block diagram 
 
Processes for biomass based power plant block diagram 
There are two types of biomass based power plant process. The first one is the fluidized-bed 
combustion biomass based power plant process and the second is the gasification biomass 
based power plant process. The fluidized-bed combustion biomass based power plant is a 
direct-fired combustion technology. In this research only fluidized-bed is take into account for 
the  direct-fired combustion technologies. 
There are four commonly used conversion direct-fired combustion technologies for converting 
biomass into electricity: 
1. Pile combustion 
2. Stoker combustion 
3. Suspension combustion 
4. Fluidized-bed combustion 
The Table 3.2 shows the comparison of different types of biomass conversion technologies. 
The fluidized-bed combustion technology is the best suited compared with the other types of 
combustion technologies shown above. It is appropriate for a range of small and medium scale 
biomass based electrical power plants. Fluidized-bed combustion technology can be used for a 
wide variety of fuels and the boiler efficiency is 80-82% (Unep, 2007).  
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Table 3.2 Comparison of different types of biomass conversion technologies (Unep, 2007) 
Technology Combustion comparison 
Pile Combustion Difficult to maintain good combustion due to  
 Air fuel mixing is not ideal 
 Bed height is in stationary condition resulting in clinker formation  
 Difficult to avoid air channelling 
 Intermittent ash removal system 
Stoker 
Combustion 
The combustion is better and improved version of pile combustion. Since most of the 
fuel is burnt in suspension the heavier size mass falls on the grate. If the system has a 
moving grate the ash is removed on a continuous basis. Therefore the chances of clinker 
formation are less. 
Suspension 
Combustion 
This is similar to stoker combustion, but since the fuel sizes are small and even the 
combustion efficiency is improved as maximum amount of fuel is combusted during 
suspension. 
Fluidized-Bed 
Combustion 
Best combustion takes place in comparison with other types since the fuel particles are 
in a fluidized state. There is adequate mixing of fuel and air. 
 
Table 3.3 show the detail of a fluidized-bed combustion electricity power plant unit. There are 
two inputs, rice husk and bagasse. The fluidized-bed combustion electricity power plant 
contains two important units: a boiler and an electricity generator. The efficiency of the boiler 
and electricity generator is provide in Table 4.3. 
Table 3.3 Specification of fluidized-bed combustion power (Angor Bio Cogen Rice Husk 
Power Project, 2005). 
 
Parameter Value Unit 
Husk  1 Ton per day 
Bagasse 1 Ton per day 
Calorific value of rice husk 0.01427 TJ/ton 
Calorific value of Bagasse 0.00831 TJ/ton 
Boiler efficiency 77 % 
Generator efficiency 15 % 
Electricity from husk 454.5 KW 
Electricity from bagasse 344.8 KW 
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The block diagram of the fluidized-bed combustion power plant process is given in Figure 
3.10. 
       
Figure 3.10 Fluidized-bed combustion power plant block diagram 
The second biomass based power plant technology is the gasification process. The block 
diagram of the gasification power plant process is giving in Figure 3.11. The heat required by 
this process is used to generate steam and air at 400°C and 0.1 MPa. The main product of 
gasification is the electricity whereas the heat is a by-product. In fact the process is optimized 
to recover as much heat as possible in order to generate electricity. Another type for converting 
biomass to electricity is pyrolysis. There is no pyrolysis technology for biomass based 
electricity power plant established in Thailand. The pyrolysis technology is in the developing 
stage in terms of use in Thailand. It is less economically profitable compared with other 
technologies such as combustion and gasification (Prasara-A et. al., 2016). 
 
 
Figure 3.11 Gasification power plant block diagram 
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Data input of overall process 
Table 3.4 Product conversion and energy consumption of each technology for all 
configurations. 
Product conversion of electrical rice mill   
Product of rice mill Technology conversion 
Rice 70% of feedstock 
Husk 22% of feedstock 
Broken rice   8% of feedstock 
 
Energy consumption of electrical rice mill 
Energy Consumption 
Electricity 44.7 kWh per ton of feedstock 
 
Product conversion of sugar mill 
Product Conversion 
Sugar 10% of feedstock 
Molasses   5% of feedstock 
Bagasse  29% of feedstock 
Energy consumption of sugar mill 
Energy Consumption 
Electricity 25 kWh per 1 ton of feedstock 
Heat 0.4 ton per 1 ton of feedstock 
                           
Product conversion of fluidized-bed combustion power plant 
Product Conversion 
Electricity from husk  454.5 KWh per ton of feedstock 
Electricity from bagasse 344.8 KWh per ton of feedstock 
 
Energy consumption of fluidized-bed combustion power plant 
Energy Consumption 
Electricity 2% of final electricity production 
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Table 3.4 Product conversion and energy consumption of each technology for all 
configurations. (Continue) 
 
Product conversion of gasification power plant 
Product Conversion 
Electricity from husk  681.7 KWh per ton of feedstock 
Electricity from bagasse 517.2 KWh per ton of feedstock 
 
 
Energy consumption of gasification power plant 
Energy Consumption 
Electricity 2% of final electricity production 
 
Product conversion of continuous ethanol plant 
Product Conversion 
Ethanol from molasses 250 litres per 1 ton of feedstock 
Ethanol from broken rice 100 litres per 1 ton of feedstock 
 
Energy consumption of continuous ethanol plant  
Energy Consumption 
Electricity 0.24 kWh per litre of ethanol production 
 
Product conversion of batch ethanol plant 
Product Conversion 
Ethanol from molasses 200 litres per 1 ton of feedstock 
Ethanol from broken rice   80 litres per 1 ton of feedstock 
 
Energy consumption of batch ethanol plant  
Energy Consumption 
Electricity 0.24 kWh per litre of ethanol production 
 
 
In this research, a set of models for considered processes has been built. Sixteen models are 
available. There are two types of rice mills, two types of sugar mills, two types of ethanol plants 
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and two types of biomass based power plants. Then the definition of the overall configurations 
is introduced. These are composed of one process each for rice mills, sugar mills, ethanol 
plants, and biomass based power plants. The four processes are all linked together because of 
the energy generated by husks from rice mills and bagasse from sugar mills, as well as the 
ethanol produced from broken rice from rice mills and molasses from sugar mills.  
By-products of rice and sugar cane comprise the main biomass of Thailand. Rice husks, 
bagasse, and molasses can be used as feedstock for ethanol and biomass power plants for 
electricity generation. Ethanol and biomass based power plants require the use of by-products 
from rice and sugar mills as shown in Figures 3.11-3.26. 
Seasonality is an important factor for the simultaneous use of rice paddies and sugarcane fields. 
Table 3.5 shows the production of rice and sugarcane for a year. Whereas rice is harvested all 
year round, the sugarcane harvest only lasts for 7 months, from September to April. Four 
months’ worth of sugarcane production is collected and stored. 
 Table 3.5 Annual production of rice and sugarcane in Thailand (DEDE, 2012) 
 Jan Feb March April May Jun July Aug Sep Oct Nov Dec 
Rice * * * * * * * * * * * * 
Cane * * * * - - - - - - * * 
 
 *  represents  Harvest 
 -  represents  No production 
  
Configuration 1 
Figure 3.12 shows the model of the first configuration. Included are electrical rice mills, 
manual control sugar mills, fluidized-bed combustion power plants and continuous ethanol 
plants. 
In this configuration, there are four plants being researched. They are rice mills, sugar mills, 
ethanol plants and biomass power plants. Each plant has two choices of technologies that have 
different levels of efficiency and capital investment. 
First are the rice mills. There are electrical rice mills and steam rice mills. Electrical rice mills 
are cheaper to build than steam rice mills; however steam rice mills can reuse the rice husks 
used to power them. These two types of rice mills are considered because both are common in 
Thailand (Sookkumnerd C. et. al., 2007). 
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Next are the sugar mills. There are manually controlled sugar mills and sugar mills controlled 
by automation. These are the two types of sugar mills which are the most common in Thailand. 
The difference is in the sugar crystallization process. The manually controlled sugar mills use 
workers to control the conditions (time, temperature, pressure) in the crystallization tank 
(Sriroth, 2007). 
Biomass based power plants are examined next. Those which use rice husk and bagasse for 
energy generation are fluidized bed combustion units combining heat and electricity generation 
(C/SS) and gasification (G/CC). The combustion technology is standard and is conventional 
for CHP generation from biomass in Thailand. It is the most common technology used in Thai 
biomass based power plants on a commercial scale (Energy Policy and Planing office, 2011). 
In Thailand, there are 14 biomass based power plants using gasification technology (Assanee 
and Boonwan, 2011). 
Ethanol plants are the fourth kind of plants to be analysed. The processes for ethanol production 
taken into account in this work are both the batch process and the continuous process. The 
batch and continuous processes are currently used in Thailand. The continuous system has 
higher residual sugar concentration than the batch system (Rattanapan, A. et. al., 2011) 
 
 
Figure 3.12 Configuration 1 
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Configuration 2 
Figure 3.13 shows the model of the second configuration. The model includes electrical rice 
mills, manual control sugar mills, fluidized-bed combustion power plants and batch ethanol 
plants. The type of technology used in ethanol plants in configuration 2 is different from that 
used in configuration 1. Here the batch fermentation process is used rather than the continuous 
fermentation process. The obvious advantage of the batch fermentation process in ethanol 
plants is that it is less expensive than the continuous fermentation process. On the other hand, 
the disadvantage is the lower yield production of sugar from sugarcane. 
 
Figure 3.13 Configuration 2 
Configuration 3 
Figure 3.14 shows the model of the third configuration. It includes electrical rice mills, manual 
control sugar mills, gasification power plants and continuous ethanol plants. The type of 
technology used in biomass based power plants in configuration 3 is different from that used 
in configuration 1. The gasification process is used as a substitute for the fluidized-bed 
combustion power plant process. The combustion technology has lower generation efficiency 
compared to gasification technology; however the investment cost of the gasification plant is 
relatively higher (Assanee and Boonwan, 2011). 
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Figure 3.14 Configuration 3 
Configuration 4 
Figure 3.15 shows the model of the fourth configuration. The model includes electrical rice 
mills, manual control sugar mills, gasification combustion power plants and batch ethanol 
plants. The technology type used by ethanol plants in configuration 4 is different from that used 
in configuration 3. In configuration 4 the batch ethanol plant process is used in place of the 
continuous ethanol plant.  
 
Figure 3.15 Configuration 4 
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Configuration 5 
Figure 3.16 shows the model of the fifth configuration. The model includes electrical rice mills, 
automation control sugar mills, fluidized-bed combustion power plants and continuous ethanol 
plants. This configuration is different from all of the previous configurations. It uses 
automation control instead of manual control for the crystallization process in sugar 
mills instead of manual control. Automation controlled sugar mills are controlled by 
machines. They are more expensive to build, but produce a higher yield of sugar (Sriroth, 
2007). 
 
Figure 3.16 Configuration 5 
Configuration 6 
Figure 3.17 shows the model of the sixth configuration. The model includes electrical rice 
mills, automated control sugar mills, fluidized-bed combustion power plants and batch 
ethanol plants. The technology type used in ethanol plants in configuration 6 is not the same 
as that used in configuration 5. It is the batch ethanol plant process rather than the continuous 
ethanol plant process. 
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Figure 3.17 Configuration 6 
Configuration 7 
Figure 3.18 shows the model of the seventh configuration. The model includes electrical rice 
mills, manual control sugar mills, gasification combustion power plants and continuous ethanol 
plants. The type of technology used in biomass based power plants in configuration 7 is 
changed from configuration 5. The gasification process is used instead of the fluidized-bed 
combustion power plant process. 
 
Figure 3.18 Configuration 7 
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Configuration 8 
Figure 3.19 shows the model of the eighth configuration. The model includes electrical rice 
mills, automated control sugar mills, gasification power plants and batch ethanol plants. The 
type of technology used in ethanol plants shown in configuration 8 is different from that used 
in configuration 7. The batch fermentation process is used as a substitute for the continuous 
fermentation process.  
 
 
 
Figure 3.19 Configuration 8 
 
Configuration 9 
Figure 3.20 shows the model of the ninth configuration. The model includes electrical rice 
mills, manual control sugar mills, fluidized-bed combustion power plants and continuous 
ethanol plants. Configuration 9 is different from all the previous configurations, because the 
electrical engine process in the rice mills is replaced by steam engines in the rice mills. Many 
new rice mill owners select the electrical rice mill because of its simplicity of operation and 
the low investment as compared to steam engine rice mills (Sookkumnerd C. et. al., 2007). 
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Figure 3.20 Configuration 9 
Configuration 10 
Figure 3.21 shows the model of the tenth configuration. This model includes electrical rice 
mills, manual control sugar mills, fluidized-bed combustion power plants and batch ethanol 
plants. The type of technology used in ethanol plants in configuration 10 is changed from 
configuration 9. Here the batch fermentation process is used as a replacement for the 
continuous fermentation process which was shown in configuration 9. 
 
Figure 3.21 Configuration 10 
56 | P a g e  
 
Configuration 11 
Figure 3.22 shows the model of the eleventh configuration. The model shows steam rice mills, 
manual control sugar mills, gasification combustion power plants and continuous ethanol 
plants.  In configuration 11, the gasification process in the biomass based power plant is used 
as a substitute for the fluidized-bed combustion power plant process that was used in 
configuration 9. 
 
Figure 3.22 Configuration 11 
Configuration 12 
Figure 3.23 shows the model of the twelfth configuration. The model includes steam rice mills, 
manual control sugar mills, gasification power plants and batch ethanol plants. The type 
of technology used in ethanol plants in configuration 11 is changed from the continuous 
fermentation process to the batch fermentation process.   
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Figure 3.23 Configuration 12 
Configuration 13 
Figure 3.24 shows the model of the thirteenth configuration. The model is comprised of steam 
rice mills, automated control sugar mills, fluidized-bed combustion power plants and 
continuous ethanol plants. This configuration is different from configuration 9. It uses 
automated control  instead of manual control for the crystallization process in sugar mills. 
Automation controlled sugar mills are controlled by machines. They are more expensive to 
build, but produce a higher yield of sugar (Sriroth, 2007). 
 
Figure 3.24 Configuration 13 
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Configuration 14 
Figure 3.25 shows the model of the fourteenth configuration. The model has steam rice mill, 
automated control sugar mill, fluidized-bed combustion power plant and batch ethanol plant. 
The type of the technology of ethanol plant in configuration 14 is different that used in 
configuration 13. It uses the batch fermentation process in the ethanol plant instead of the 
continuous fermentation process. 
  
 
Figure 3.25 Configuration 14 
Configuration 15 
Figure 3.26 shows the model of the fifteenth configuration. The model includes steam rice mill, 
automation control sugar mill, gasification combustion power plant and continuous ethanol 
plant. In configuration 15, the gasification process in the biomass based power plant is used as 
a substitute for the fluidized-bed combustion power plant process that was used in 
configuration 13. 
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Figure 3.26 Configuration 15 
Configuration 16 
Figure 3.27 shows the model of the sixteenth configuration. The model has steam rice mill, 
automated control sugar mill, gasification power plant and batch ethanol plant. The type of 
technology of the ethanol plant in configuration 16 is changed from configuration 15. The batch 
fermentation process in the ethanol plant replaces the continuous fermentation process.   
 
 
Figure 3.27 configuration 16 
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Table 3.6 shows all the 16 configurations.   
Table 3.6 Screening the Option Table 
Configuration Rice Mill Sugar Mill Power Plant Ethanol 
1 Electrical Manual Fluidized Bed 
Combustion 
Continuous 
2 Electrical Manual Fluidized Bed 
Combustion 
Batch 
3 Electrical Manual Gasification Continuous 
4 Electrical Manual Gasification Batch 
5 Electrical Automation Fluidized Bed 
Combustion 
Continuous 
     
6 Electrical Automation Fluidized Bed 
Combustion 
Batch 
7 Electrical Automation Gasification Continuous 
8 Electrical Automation Gasification Batch 
9 Steam Manual Fluidized Bed 
Combustion 
Continuous 
10 Steam Manual Fluidized Bed 
Combustion 
Batch 
11 Steam Manual Gasification Continuous 
12 Steam Manual Gasification Batch 
13 Steam Automation Fluidized Bed 
Combustion 
Continuous 
14 Steam Automation Fluidized Bed 
Combustion 
Batch 
15 Steam Automation Gasification Continuous 
16 Steam Automation Gasification Batch 
 
3.2.2 Economic and profitability analysis 
Sixteen configurations have been compared to determine which one is the most suitable 
technology based on payback period. Excel software has been applied in this calculation. The 
profitability was analysed by calculating the payback period (PBP) using equations 3.1 to 3.5, 
as follows: 
 
𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑃𝑒𝑟𝑖𝑜𝑑(𝑃𝐵𝑃) =  
𝐶𝑜𝑠𝑡 𝑜𝑓 𝑝𝑟𝑜𝑗𝑒𝑐𝑡
𝐴𝑛𝑛𝑢𝑎𝑙 𝑐𝑎𝑠ℎ 𝐼𝑛𝑓𝑙𝑜𝑤𝑠
                          (3.1) 
𝐶𝑜𝑠𝑡 𝑜𝑓 𝑝𝑟𝑜𝑗𝑒𝑐𝑡 = ∑ 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡                (3.2) 
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𝐴𝑛𝑛𝑢𝑎𝑙 𝑐𝑎𝑠ℎ 𝑖𝑛𝑓𝑙𝑜𝑤𝑠 = 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 − 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐶𝑜𝑠𝑡                     (3.3) 
𝑅𝑒𝑣𝑒𝑛𝑢𝑒 = Rice + Sugar + Electricity to grid + Ethanol   (3.4) 
𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐶𝑜𝑠𝑡 = 𝑅𝑖𝑐𝑒 𝑃𝑎𝑑𝑑𝑦 + 𝑆𝑢𝑔𝑎𝑟 𝑐𝑎𝑛𝑒 + 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦+Fuel oil    (3.5) 
3.2.3 Costs considered 
The costing approach that has been used in this research address two main costs: capital cost 
and operating cost.  
Capital cost 
The capital costs as shown in Table 3.3 were calculated by updating the capital cost available 
from literature and manufacturing data. In fact, the data from literature are reported for different 
years and difference plant scales.  
Capital cost is the initial level of investment required to engineer, produce and construct the 
plant itself. Power law (Tsakalova, 2011) can be adopted for changing the scale of the capital 
cost, as in equation 3.6. 
                    𝐶2 = 𝐶1 × (
𝑆2
𝑆1
)
0.62
                            (3.6) 
C1 is capital cost from the literature or manufacturing data; C2 is rescaled capital 
cost. 
S1, S2 are two levels of throughput. 
 Here, cost has been rescaled to the year 2011 using the Marshal and Swift cost index as 
described by equation 3.7. On the basis of the data taken from literature, the plant costs for 
each configuration have been calculated. In each case the plant costs from literature, related to 
different years, have been updated to 2011 using the Marshall & Swift cost index. The scales 
and the relative costs are reported as found in literature and also updated to 2011.  
 
𝐶3 = 𝐶2 × (
𝐼2
𝐼1
)     (3.7) 
 C3 is capital cost in the reference year. 
I1, I2 is the Marshal and |Swift cost index (Solda et. al, 2011). 
Table 3.7 shows all plant capital costs scaled to the reference year, 2011. In the literature, many 
different capacity plant scales in different years are reported (Solda et. al, 2011).. Capital costs 
in this research have been calculated using equations 3.6 and 3.7. The reference scale of plant 
capacity is 120 ton per day for the rice mill and 10,000 ton per day for sugar mill. The reference 
of biomass based power plant capacity is 2,000 MWh per day and the ethanol plant is 200,000 
litres per day.  
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Table 3.7 Scaled prices of Plant capital 
Plant 
Price (Million US 
dollar) 
Reference 
Electrical Rice Mill 0.45 (Sookkumnerd C. et. al.,2007)          
Steam Rice Mill 0.71 (Sookkumnerd C. et. al.,2007)          
Manual Control Sugar Mill 64.52 (Nguyen, 2008) 
Automated Control Sugar Mill 80.65 (Nguyen, 2008) 
Combustion Power Plant 96.10 (Caputo et. al., 2005) 
Gasification Power Plant 116.45 (Caputo et. al., 2005) 
Continuous Ethanol Plant 64.52 (Nguyen, 2008) 
Batch Ethanol Plant 48.39 (Nguyen, 2008) 
 
Operating cost 
 
The operating cost comprises only variable operating costs. Fixed operating costs such as 
maintenance and labor or staff are not considered in this paper. The fixed operating cost, 
maintenance and labor, does not affect the results of the modelling because it is not changed 
by volume of production and it is the same with all the configurations that have the same type 
of technology.  The aim of simulation approach is to screen the option of technology and select 
the suitable one. The operating cost is divided into two basic elements, namely material cost 
and energy cost. The price of material is reported in Table 3.8 and the energy cost is in Table 
3.9. The prices used are the average price in 2011. There are two sources of prices that are well 
known in Thailand which is the Department of Internal Trade in Thailand (DIT, 2011), and the 
Provincial Electricity Authority in Thailand (PEA, 2011). 
 
Table 3.8 Material Cost 
 
Material 
Price 
[$/ton] 
Reference 
Rice Paddy  336 (DIT, 2011) 
Sugar Cane  32 (DIT, 2011) 
 
63 | P a g e  
 
 
The Table 3.9 shows the cost of the two energy types used in the modelling. These are 
electricity and fuel oil 
Table 3.9 Energy Cost 
Material Price Reference 
Electricity [$/kWh] 0.09 (PEA, 2011). 
Fuel Oil[$/litre] 0.75 (EXCISE, 2011) 
 
3.2.4 Revenue considered 
 
The income includes income from the sale of products. Products are rice, sugar, electricity sold 
to the grid and ethanol. However, this research does not consider the production of rice and 
sugar for food. The amount of food production is the same for each technology type. The rice 
mills produce 84 ton of rice per day and the sugar mills produce 1,000 or 1,200 ton per day. 
The amount of food production does not affect the results for each configuration. The focus of 
this research is on only renewable fuel.  The price of products is reported in Table 3.10. 
Table 3.10 Scaled price of products in 2011  
Material Price Reference 
Rice [$/ton] 970 (DIT, 2011) 
Sugar [$/ton] 663 (DIT, 2011) 
Electricity to grid 
[$/kWh] 
0.06 (PEA, 2011). 
Ethanol [$/litre] 0.77 (PEA, 2011). 
 
3.2.5 Sensitivity analysis 
 
The last analysis is intended to verify that the modelling is valid for changing prices of 
feedstock and product. The sensitivity analysis in this research is one-way sensitivity analysis. 
One-way sensitivity analysis varies one value in the model by a given amount, and examines 
the impact that the change has on the model’s results (Gevrey, 2006). The sensitivity analysis 
calculation is made based on the best case scenario (Configuration 7) in the research model. 
Configuration 7 includes electrical rice mill, manual control sugar mill, gasification 
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combustion power plant and continuous ethanol plant. The sensitivity calculation is shown in 
equation 3.8. This sensitivity shows the change in payback period when the price of feedstock 
or product varies.  
 
𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =  
∆𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑃𝑒𝑟𝑖𝑜𝑑(𝑃𝐵𝑃)
∆𝑃𝑟𝑖𝑐𝑒 𝑜𝑓 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝑜𝑟 𝑃𝑟𝑜𝑑𝑢𝑐𝑡  𝑖𝑛 %
                                         (3.8) 
The sensitivity analysis determine how change in price of feedstock or product affect profit 
(Payback period). The denominator is normalized as percentage because the price of feedstock 
and product are difference. The normalised percentage price can compare both of them to 
profit. 
∆Payback period (PBP) is the difference between the payback period based on the payback 
period at average price of feedstock or product in year unit. The payback period of 
configuration 7 is 3.2 years. ∆Payback period (PBP) is the difference in payback period in year 
unit from 3.2 years in configuration 7 based case. 
∆ Price of feedstock or product in % is the difference between the price of material or product 
in percentage compared with the reference price of the material or product (%).The reference 
price of the material and product are the same with all configuration. The reference price of 
material is 366 $ for a ton of rice paddy and 32 $ for a ton of sugarcane. The reference prices 
of the products rice, sugar are 970 and 633 $ per ton respectively (Table 3.10). The reference 
price of electricity is 0.06 $ per MWh and the reference price of ethanol is 0.77 $ per litre 
(Table3.10).  
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3.3 Optimisation approach 
 
After doing the modelling using the simulation approach, it was found that food production 
should not be considered in this research. This research aims to look at how best to set up  new 
biorefinery plants, that is, biomass based power plants and ethanol plants, to meet energy 
demand in Thailand. The exhaustive modelling helped to better understand the problem before 
going on to do the optimisation. That means  both sugar and rice mills are excluded from the 
optimisation part of this study. There are too many rice mills and sugar mills in Thailand. The 
optimisation will take account of rice husk, bagasse and molasses as feedstock.  
The model has been developed to determine the optimal biomass utilisation for Thailand. The 
proposed model takes into account using biomass as a raw material. However,  as  there  are  
many  kinds  of  biomass  available  in  Thailand,  this model focusses on biomass from rice 
and sugarcane production as the feedstock. The biomass from rice production is rice husk and 
rice straw. The biomass from sugarcane production is molasses, bagasse, and sugarcane top 
and leaves.  
The optimisation approach provides the answer for the third and fourth objectives of this 
research. The third research objective is to apply the optimisation method to provide the best 
choice of solution from among alternatives. The fourth research objective is to verify the MILP 
optimisation methodology for use in the case of Thailand using available data. 
 
This model focuses on the north part of Thailand. The model has 17 candidate points (see 
section 3.34) that represent each province in the north part of Thailand. This research selected 
the north of Thailand because there are the most biomass feedstock in Thailand. To validate 
the mathematic model by a case study on rice mill and sugar mill in the north part of Thailand 
would be created. 
Figure 3.28 shows the raw material of a biorefinery plant to produce electricity and ethanol is 
biomass. There is also CO2 as a by-product. 
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Figure 3.28 Biomass to energy process 
3.3.1 Model structure 
 
Figure 3.29 shows the diagram of the biomass utilisation model. There are five biomass 
feedstocks and two products in the optimisation model. After taking rice and sugar mills out of 
the modelling, there are five technology options including combustion, gasification, 
lignocellulosic fermentation, continuous fermentation and batch fermentation. The two 
products are electricity and ethanol in this model. Figure 3.29 shows only the feedstock, 
technology and product components to identify the difference from the modelling part. 
Notation of Figure 3.29 
      f = feedstock (husk, bagasse, molasses) 
k = technology (combustion, gasification, lignocellulosic fermentation,  
      batch fermentation, continuous fermentation) 
      p = product (electricity, ethanol) 
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Figure 3.29 Biomass utilisation model 
Figure 3.30 shows that the optimisation model includes the warehouse stage for collecting the 
feedstock before use in the biorefinery and warehouses to collect the ethanol. Also added is the 
biofield in place of feedstock. There are two customer points in place of the final energy, 
electricity and ethanol, that is sent  to the customer.  
Notation of Figure 3.30 
      bf   = biomass field (rice farm, sugar farm, rice mill, sugar mill) 
 wh = warehouse (warehouse of feedstock, storage) 
k    = technology (combustion, gasification, lignocellulosic fermentation,  
      batch fermentation, continuous fermentation) 
pw = product warehouse (warehouse of biorefinery or ethanol) 
     c   = customer 
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Figure 3.30 The flow diagram of the utilisation of biomass model 
 
This optimisation model investigates using biomass as a raw material to produce electricity for 
the north of Thailand. However, this model has a higher complexity than the previous model 
in a number of ways including: 
 The numbers of candidate points has been divided further into 17 candidate 
points. The term candidate point is explained in section 3.3.4. 
 The  biomass  resource  has  been  modified  to  include  many  types  of  
biomass, specifically rice husk, rice straw, molasses, bagasse, sugarcane top and 
leaves. The modelling part of this study does not include rice straw and 
sugarcane top and leaves because the boundary of the modelling is only the rice 
mill and sugar mill. The rice straw and sugarcane top and leaves are left at the 
biofield, i.e. the rice farm and sugarcane farm. Those biomasses are added to 
the optimisation model because it was not taken into account in the simulation 
approach. In addition, the biomass can produce electricity and ethanol as well. 
However the optimisation model omits the broken rice because all of the broken 
rice is food production, being a feedstock for the noodle industry. 
 The products are electricity and ethanol 
3.3.2 Technology 
Figure 3.31 shows the proposed model focusing on the biomass-to-energy supply chain 
network, where the technology type is represented by index k in Figure 3.27 and Figure 3.28. 
The technologies for converting biomass into electricity considered in this model are the 
gasification biomass based power plant and fluidized-bed biomass based power plant. These 
69 | P a g e  
 
two technologies have rice husk, rice straw, bagasse, and sugarcane top and leaves as raw 
material. 
There are three technologies to convert biomass to ethanol in this model. These are 
lignocellulosic fermentation, continuous fermentation and batch fermentation. The 
lignocellulosic fermentation is a second generation fermentation technology to convert biomass 
to ethanol. The feedstock of this technology can be rice husk, rice straw, bagasse, or sugarcane 
top and leaves. The continuous fermentation and batch fermentation are first generation 
fermentation technologies to convert biomass to ethanol. The feedstock for this technology is 
only molasses. 
 
Figure 3.31Technology classification of biomass utilisation model 
Block diagram of processes for ethanol plant 
The diagram of the continuous fermentation ethanol plant process is given in Figure 3.32. The 
technology is the same technology and reference as Figure 3.8. The difference is there is only 
one feedstock, molasses, in this model. 
 
Figure 3.32 Continuous fermentation ethanol plant block diagram 
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The block diagram of the batch fermentation ethanol plant process is given in Figure 3.33. The 
technology is the same technology and reference as in Figure 3.9. The different is there is only 
one feedstock, molasses, in this block diagram. 
 
 
Figure 3.33 Batch fermentation ethanol plant block diagram 
 
The block diagram of the lignocellulosic fermentation ethanol plant process is given in Figure 
3.34 (D. Humbird. et al., 2011). This technology is not included in the simulation approach 
part, in section 3.2 because the simulation approach part considers only currently existing and 
common technology in Thailand. After reviewing the modelling results and biomass potential 
in Thailand, it was decided to add the lignocellulosic fermentation ethanol plant in the 
optimisation part to be another choice solution in order to complete the third research objective, 
“apply optimisation method to provide the best choice of solution among the alternatives”. 
 
Figure 3.34 Lignocellulosic fermentation ethanol plant block diagram 
 
 
3.3.3 Raw material 
There are many kinds of biomass available in Thailand. This research focuses on the biomass 
from two main agriculture products, rice and sugarcane, and these are taken into account in this 
model. The list of each type of biomass is shown in Table 3.11. 
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Table 3.11 Biomass feedstock for the optimisation model 
Biomass feedstock 
1. Rice straw 
2. Rice husk 
3. Bagasse 
4. Sugarcane top & leaves 
5. Molasses 
 
3.3.4 Candidate points 
 
Table 3.12 and Figure 3.35 show the candidate points of this proposed model. There are 12 
candidate points that represent each province in the north part of Thailand. The total area of 
the north part of Thailand is 93,690.85 square kilometres. It is about 0.06 % of land in the 
world. 
There are 17 provinces in the north part of Thailand. There are five provinces, Phayoa, 
MaeHong Son, Nan and Tak that are not used as candidate points in this model because there 
are a lot of mountains in these provinces. There are no rice farms and sugar farms and it would 
be difficult to have a warehouse or build a biorefinery plant in these provinces because of the 
uphill transportation. 
The biofields represent rice farm, sugar farm, rice mill, and sugar mill points. There are four 
biofield candidate points , namely Chaing Rai, Uttaradit, Kamphaeng Phet and Uthai Thani. 
The biofield candidate points are the four provinces with the most rice and sugarcane 
production in the north part of Thailand. In this model, any biofield candidate point can also 
be a feedstock warehouse too. The biomass can be stored in the centre of the province that 
represents a rice farm, sugar farm, rice mill, and sugar mill point. The candidate point for the 
biofield are selected from the most 4 provinces that has highest biomass in the north part of 
Thailand. 
The technology or biorefinery candidate points represent the positions for building new 
biorefineries, that is, biomass based power plants and ethanol plants. There are two provinces, 
Lamphun and Phichit that are considered to be technology candidate points because there are 
industrial estates in these provinces. An industrial estate is an area that the Thai government 
has designated to persuade investors to build factories. Industrial estates provide sufficient 
energy, water, and transportation networks. In this model, any technology candidate point can 
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also be a feedstock warehouse and a product warehouse too, as feedstock or products can be 
stored in the biorefinery plants. 
The customer candidate points represent the places where the product has to be delivered for 
customers. There are two provinces, Chaing Mai and Phisanulok that are considered to be 
customer points because these two province have the most population and energy demand in 
the north part of Thailand. 
There are two provinces, Phrae and Nakhonsawan, identified as feedstock warehouse candidate 
points. These two provinces or candidate points are in between biofield and technology 
candidate points. 
There are also two provinces, Lampang and Sukhothai, identified as product warehouse 
candidate points. These two provinces or candidate points are in between technology and 
customer candidate points. 
Some province are not selected to be any candidate point show in Table 3.12 because the 
province has not good facilities such as water, electricity and road.  
Table 3.12 Candidate points in the north of Thailand 
Province Area (km2) Candidate Point 
1. Chaing Rai 11,678 Biofield, warehouse 
2. Chaing Mai 20,107 Customer, product warehouse 
3. Phayao 6,335 No candidate point 
4. Mae Hong Son 12,681 No candidate point 
5. Nan 11,472 No candidate point 
6. Lamphun 4,505 Technology, feedstock warehouse, product warehouse 
7. Lampang 12,534 product warehouse 
8. Phrae 6,538 Feedstock warehouse 
9. Uttaradit 7,838 Biofield, warehouse 
10. Tak 16,407 No candidate point 
11. Sukhothai 6,596 Product warehouse 
12. Phisanulok 10,815 Customer, product warehouse 
13. Kamphaeng 
Phet 
8,607 Biofield, warehouse 
14. Phichit 4,351 Technology, feedstock warehouse, product warehouse 
15. Phetchabun 12,668 No candidate point 
16. Nakhonsawan 9,597 Feedstock warehouse 
17. Uthai Thani 6,730 Biofield, warehouse 
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Figure 3.35 Candidate points 
3.3.5 Mode of transportation 
There are two modes of transportation. The first one is truck and the second is train. The 
difference in these two types is cost and time for delivery. The cost of transportation is provided 
at Table 3.18 in section 3.3.7. There is no boat or any water transportation in the north part of 
Thailand because the river is shoal. 
3.3.6 Mathematical formulation  
The mathematical formulation is described in this section. The model is formulated as a mixed-
integer linear programming (MILP)  model. An MILP model is more appropriate than a linear 
programming model for optimising site location because a binary variable associated with the 
site location could be an integer (0 or 1)( Jinzhuo et al., 2010). A mixed-integer programming 
model was therefore developed to maximise the net present value (NPV) of the utilisation of a 
biomass facility. In this model the objective function is to maximise the profit of the supply 
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chain network. Environmental aspect is not take in to account in this research. The 
mathematical formulation is described below. 
 
Notation 
Indices 
 f  : Feedstock (ton) 
 k : Technology 
 p : Ethanol (litre) 
 e : Electricity (MWh) 
 bp : By-product  
 bf : Biofield 
 wh : Warehouse 
 pw : Product warehouse 
 c : Customer 
 tr : Transportation 
 t : Time (year) 
Parameters 
pprice(p)  : Ethanol price (US $) 
eprice(e)  : Electricity price (US $) 
fprice(f)  : Feedstock price (US $) 
bpprice(bp)  : By-product price (US $) 
 
MaxCapK(k) : Maximum capacity of biorefinery technology  
(tons of product per day) 
CapMaxWh(wh) : Maximum capacity of biomass warehouse  
(tons of feedstock per day)  
CapMaxPw(pw) : Maximum capacity of ethanol warehouse  
    (litres of ethanol per day) 
AFixCostK(k)  : Fixed cost of biorefinery technology (US $) 
VarCUK(k)  : Variable cost of biorefinery technology (US $) 
AFixCostWh(wh) : Fixed cost of biomass warehouse (US $) 
UnitCostWh(wh) : Unit cost of warehouse (US $) 
AFixCostPw(pw) : Fixed cost of product warehouse (US $) 
UnitCostPw(pw) : Unit cost of product warehouse (US $) 
UnitTrC(tr)  : Unit transportation cost (US $) 
UnitTrWhK(tr) : Unit transportation cost from biomass warehouse wh                         
to technology k (US $) 
UnitTrKPw(tr) : Unit transportation cost from technology k to product 
warehouse pw (US $) 
UnitTrPwC(tr) : Unit transportation cost of product warehouse pw to 
customer c (US $) 
av(f,bf)  : available feedstock f at biofield bf (Ton) 
confk(f,k) : conversion factor of feedstock f at technology k  
(MWh per ton of feedstock) 
conKP(k,p) : conversion factor of technology k to ethanol p  
(litre per ton of feedstock) 
conKe(k,e)  : conversion factor of technology k to electricity e  
(MWh per ton of feedstock) 
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conKBp(k,bp)  : conversion factor of by-product bp at technology k 
(MWh per ton of feedstock) 
PDemand(p,c)  : Demand of product p (litre) 
eDemand(e,c)  : Demand of electricity e ( MWh) 
BpDemand(bp,c) : Demand of by-product bp (litre) 
DistBfWh(Bf,wh) : Distance from biofield bf to biomass warehouse wh  
(kilometres) 
DistWhK(wh,k) : Distance from warehouse wh to technology k 
(kilometres)  
DistKPw(k,pw) : Distance from technology k to product warehouse pw  
(kilometres) 
DistPwC(pw,C) : Distance from product warehouse pw to customer c 
(kilometres) 
 
Binary variables 
          A(wh) : Active capacity expansion of warehouse wh (0,1) 
          B(k) : Active capacity expansion of technology k  (0,1) 
          D(pw) : Active capacity expansion of product pw (0,1) 
The binary variable is the variable that has a range of value of only 0 and 1. The value 0 mean 
the warehouse or technology or product warehouse is not active or not set up. On the other 
hand, the value 1 mean the parameter is active or set up in the model. 
Variables 
NPV t  : Net present value in time t (US $)  
Z : Objective function (US $) 
          AP : Annual profit (US $) 
Revp(p)  : Revenue of ethanol (US $) 
Reve(e)  : Revenue of electricity (US $)    
Revbp(bp)  : Revenue of by-product (US $) 
Rev   :         Total revenue (US $) 
Cost              : Total cost (US $) 
InvCost  : Inventory cost (US $) 
FeedCost  : Feedstock cost (US $) 
TechCost  : Technology cost (US $) 
TotTrCo  : Total transportation cost (US $) 
TotCostK(k)  : Total cost for technology k (US $) 
VarCostK(k)  : Variable cost of technology k (US $) 
FixCostK(k)  : Fixed cost of technology k (US $) 
TotCostWh(wh) : Total cost of biomass warehouse (US $) 
VarCostWh(wh) : Variable cost of biomass warehouse (US $) 
FixCostWh(wh) : Fixed cost of biomass warehouse (US $) 
TotCostPw(pw) : Total cost of ethanol warehouse (US $) 
VarCostPw(pw) : Variable cost of ethanol warehouse (US $) 
FixCostPw(pw) : Fixed cost of ethanol warehouse (US $) 
TrCoBfWh(wh) : Transportation cost from biofield to biomass    
warehouse (US $) 
TrCo_BfWh(bf,wh)  : Transportation cost (US $) 
TrCo_FBfWhTr(f,bf,wh,tr) :  Transportation cost (US $) 
TrCo_FBfWh(f,bf,wh) :  Transportation cost (US $) 
TrCo_FWhKtr(f,wh,k,tr) :  Transportation cost of transportation type  
(US $) 
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TrCoWhK(K) : Transportation cost from biorefinery to ethanol   
warehouse (US $) 
TrCo_FKPPwtr(f,k,p,pw,tr) :  Transportation cost (US $) 
TrCoKPw(pw)  :  Transportation cost (US $) 
TrCo_PwPCtr(pw,p,c,tr) :  Transportation cost (US $) 
TrCoPwC(c) : Transportation cost from ethanol warehouse to 
customer (US $) 
 
 
Objective function 
 
The objective function for this model is to maximise the overall profit for the biofuels supply 
chain network. Therefore, the objective function is to maximise profit defined as the net 
present value (NPV). Thus the objective function is given in the form: 
 
NPV t  = Net present value in time t (US Dollar, $)  
Objective function = ∑ 𝑁𝑃𝑉(𝑡)
10
𝑡=1
 , ∀𝑡 
(3.9) 
Net present value, NPV, is the forecast financial outcome of a new project initiative. NPV is 
the most common project evaluation approach used by firms (Volker, Schaaf, and Tachkov, 
2009). 
NPV is determined for a 10 year period. So t = 1, 2, 3, 4, 5, 6, 7, 8, 9, 10. The most useful 
lifetime of both the factory and the equipment is 15 years. This research aims to benefit in a 
lifetime of 10 years. 
NPV equation  
  
𝑁𝑃𝑉(𝑡) = 𝐴𝑃 × 𝐷𝑓(𝑡)     
(3.10) 
              
𝑓(𝑡)                                ∶             Discount factor 
            AP                         : Annual profit (US Dollar, $) 
Annual profit 
Rev   :         Total revenue (US Dollar, $) 
Cost              : Total cost (US Dollar, $) 
           𝐴𝑃 = (𝑅𝑒𝑣 − 𝐶𝑜𝑠𝑡) × 350   (3.11) 
In Thailand, there are 350 working days per year. The rest are government official holidays 
for all manufacturing. 
Revenue from selling the bio-fuel 
 Volpwc = volume of product from product warehouse to customer (litres) 
        Pricep = product price (US Dollar, $) 
                 𝑅𝑒𝑣𝑝 = ∑ 𝑉𝑜𝑙𝑝𝑤𝑐 × 𝑃𝑟𝑖𝑐𝑒𝑝                       ∀𝑝𝑤, 𝑐, 𝑝
𝑝𝑤,𝑐
 
                           (3.12) 
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VolKCkc = volume of electricity from biomass based power plant to customer (MWh) 
 
Rev𝑒 = ∑ 𝑉𝑜𝑙𝐾𝐶𝑘𝑐 ×
𝑘,𝑐
𝑃𝑟𝑖𝑐𝑒𝑃𝑒                             𝑢𝑘, 𝑐 
             (3.13) 
Revenue from by-product 
          Volpw, bp, c = volume of by-product from product warehouse to customer (ton) 
PricePbp = By-product price (US Dollar, $) 
Rev𝑏𝑝 = ∑ 𝑉𝑜𝑙𝑝𝑤,𝑏𝑝,𝑐 ×
𝑏𝑝,𝑝𝑤,𝑐
𝑃𝑟𝑖𝑐𝑒𝑃𝑏𝑝                             𝑝𝑝𝑤, 𝑏𝑝, 𝑐 
(3.14) 
 
Total cost function 
Equation 3.15 shows the total cost include feedstock cost, biorfinery technology cost, 
inventory cost and transportation cost. 
Cost              = Total cost (US Dollar, $) 
InvCost  = Inventory cost (US Dollar, $) 
FeedCost  = Feedstock cost (US Dollar, $) 
TechCost  = Technology cost (US Dollar, $) 
TotTrCo  = Total transportation cost (US Dollar, $) 
𝐶𝑜𝑠𝑡 = FeedCost + TechCost + InvCost + TotTrCo                                 (3.15) 
Total feedstock cost 
Equation 3.16 shows the feedstock cost is the sum of feedstock, including rice husk, rice 
straw, bagase, sugarcane top and leaves, and molasses, from each biofield.  
VolBfWhf, bf, wh = volume of feedstock from each biofield (ton) 
fprice    =  feedstock price (US Dollar, $) 
𝐹𝑒𝑒𝑑𝐶𝑜𝑠𝑡 =  ∑ 𝑉𝑜𝑙𝐵𝑓𝑊ℎ𝑓,𝑏𝑓,𝑤ℎ × 𝑓𝑝𝑟𝑖𝑐𝑒𝑓𝑓     , ∀𝑓                        (3.16) 
Total inventory cost 
Equation 3.17 shows the inventory cost is the summation of total cost in feedstock warehouse 
and product warehouse. The total cost of inventory has fixed cost and variable cost. The 
detail of each parameter and the calculation is explained in equations 3.18 to 3.21.  
TotCostWh(wh) = Total cost of biomass warehouse (US Dollar, $) 
TotCostPw(pw) = Total cost of ethanol warehouse (US Dollar, $) 
 
𝐼𝑛𝑣𝐶𝑜𝑠𝑡 =  ∑ 𝑇𝑜𝑡𝐶𝑜𝑠𝑡𝑊ℎ𝑤ℎ
𝑤ℎ
+ ∑ 𝑇𝑜𝑡𝐶𝑜𝑠𝑡𝑃𝑤𝑝𝑤
𝑝𝑤
     , ∀𝑤ℎ, 𝑝𝑤 
              (3.17) 
The equations 3.18 to 3.21 show the calculation of the inventory cost. 
The total cost of the product warehouse includes the fixed and variable costs. 
VarCostWh(wh) = Variable cost of biomass warehouse (US Dollar, $) 
FixCostWh(wh) = Fixed cost of biomass warehouse (US Dollar, $) 
𝑇𝑜𝑡𝐶𝑜𝑠𝑡𝑃𝑤𝑝𝑤 = 𝐹𝑖𝑥𝐶𝑜𝑠𝑡𝑃𝑤𝑝𝑤 + 𝑉𝑎𝑟𝐶𝑜𝑠𝑡𝑃𝑤𝑝𝑤 
(3.18) 
The variable cost of the product warehouse is the summation of the quantity of production 
multiplied by the product warehouse unit cost. 
VolpKPwf, k, p, pw = volume of quantity of production from biorefinery to product warehouse 
(ton) 
UnitCostPwpw     = Cost of inventory per unit of product (US Dollar, $) 
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𝑉𝑎𝑟𝐶𝑜𝑠𝑡𝑃𝑤𝑝𝑤  ≤  ∑ 𝑉𝑜𝑙𝑝𝐾𝑃𝑤𝑓,𝑘,𝑝,𝑝𝑤
𝑓,𝑘,𝑝
× 𝑈𝑛𝑖𝑡𝐶𝑜𝑠𝑡𝑃𝑤𝑝𝑤 
(3.19) 
The maximum capacity of a product warehouse has to be greater than the quantity of product 
that is stored in the product warehouse. 
Dpw   = Active capacity expansion of product pw wh (0,1) 
MaxCapPwpw  = Maximum capacity of ethanol warehouse  
𝐷𝑝𝑤 × 𝑀𝑎𝑥𝐶𝑎𝑝𝑃𝑤𝑝𝑤 ≥  ∑ 𝑉𝑜𝑙𝑝𝐾𝑃𝑤𝑓,𝑘,𝑝,𝑝𝑤
𝑓,𝑘,𝑝
 
(3.20) 
The fixed cost of a product warehouse is calculated when the product warehouse is open or  
𝐷𝑝𝑤 is 1. 
FixCostPw(pw) = Fixed cost of ethanol warehouse (US $) 
AFixCostPw(pw) = Literature fixed Cost of ethanol warehouse (US $) 
 
𝐹𝑖𝑥𝐶𝑜𝑠𝑡𝑃𝑤𝑝𝑤 =  𝐷𝑝𝑤 × 𝐴𝐹𝑖𝑥𝐶𝑜𝑠𝑡𝑃𝑤𝑝𝑤 
(3.21) 
Total technology cost 
The technology cost is the biorefinery plant cost including power plant and ethanol plant cost. 
The technology total cost includes capital cost and operating cost. The capital cost is the fixed 
cost and the operating cost is the variable cost in equation 3.23. The details of each parameter 
and the calculation is explained in equations 3.23 to 3.27.  
 
TechCost = ∑ TotCost𝑘
𝑘
     , 𝑡𝑘 
                                  (3.22) 
Equations 3.23 to 3.27 show the calculation of the technology total cost. 
The total cost of technology includes the fixed cost and variable cost of technology. The fix 
cost is the capital cost of the biorefinery plant. The variable cost is the operating cost. The value 
of the fixed cost and variable cost are shown at Table 3.17 in section 3.3.7. 
 
𝑇𝑜𝑡𝐶𝑜𝑠𝑡𝐾𝑘 = 𝐹𝑖𝑥𝐶𝑜𝑠𝑡𝐾𝑘 + 𝑉𝑎𝑟𝐶𝑜𝑠𝑡𝐾𝑘  
(3.23) 
 
The variable cost of technology is the summation of quantity of production multiplied by the 
technology variable cost per unit of product. The variable cost depends on the volume of 
product. 
    
𝑉𝑎𝑟𝐶𝑜𝑠𝑡𝑘 = ∑ 𝑉𝑜𝑙𝑝𝐾𝑃𝑤𝑓,𝑘,𝑝,𝑝𝑤
𝑓,𝑝,𝑝𝑤
× 𝑉𝑎𝑟𝐶𝑈𝐾𝑘      
(3.24) 
The maximum capacity of technology has to be greater than the quantity of production 
   𝐵𝑘 × 𝑀𝑎𝑥𝐶𝑎𝑝𝐾𝑘 ≥  ∑ 𝑉𝑜𝑙𝑝𝐾𝑃𝑤𝑓,𝑘,𝑝,𝑝𝑤𝑓,𝑝,𝑝𝑤  
(3.25) 
The fixed cost of technology is calculated when the technology plant is open or  𝐵𝑘 is 1. 
𝐹𝑖𝑥𝐶𝑜𝑠𝑡𝐾𝑘 =  𝐵𝑘 × 𝐴𝐹𝑖𝑥𝐶𝑜𝑠𝑡𝐾𝑘 
(3.26) 
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The maximum capacity of technology has to be greater than the quantity of electricity 
production. 
  
𝐵𝑘 × 𝑀𝑎𝑥𝐶𝑎𝑝𝐾𝑘 ≥  ∑ 𝑉𝑜𝑙𝑒𝐾𝐶𝑓,𝑘,𝑒,𝑐
𝑓,𝑒,𝑐
 
(3.27) 
 
Total transportation cost 
Total transportation cost is the summation cost of transportation cost from biofields to 
feedstock warehouse, from feedstock warehouse to technology biorefinery plant, from 
technology biorefinery plant to product warehouse, and from product warehouse to customer.  
𝑇𝑜𝑡𝑇𝑟𝐶𝑜 =  ∑ 𝑇𝑟𝐶𝑜𝐵𝑓𝑊ℎ𝑤ℎ
𝑤ℎ
+ ∑ 𝑇𝑟𝐶𝑜𝑊ℎ𝐾𝑘
𝑘
 
 + ∑ 𝑇𝑟𝐶𝑜𝐾𝑃𝑤𝑝𝑤 + ∑ 𝑇𝑟𝐶𝑜𝑃𝑤𝐶𝑐 , ∀𝑤ℎ, 𝑘, 𝑝𝑤, 𝑐
𝑐𝑝𝑤
 
           (3.28) 
The transportation cost from biofield to warehouse is the summation of all transportation type 
costs from biofield to warehouse. 
𝑇𝑟𝐶𝑜𝐵𝑓𝑊ℎ𝑤ℎ =  ∑ 𝑇𝑟𝐶𝑜_𝑓𝐵𝑓𝑊ℎ𝑇𝑟𝑓,𝑏𝑓,𝑤ℎ,𝑡𝑟
𝑏𝑓,𝑓,𝑡𝑟
 
(3.29) 
The transportation type cost from biofield to warehouse is the quantity of feedstock from 
biofield to warehouse multiplied by the distance from biofield to warehouse and also multiplied 
by the unit of transportation cost. 
   
𝑇𝑟𝐶𝑜_𝑓𝐵𝑓𝑊ℎ𝑇𝑟𝑓,𝑏𝑓,𝑤ℎ,𝑡𝑟 =  𝑉𝑜𝑙𝐵𝑓𝑊ℎ𝑇𝑟𝑓,𝑏𝑓,𝑤ℎ,𝑡𝑟 × 𝐷𝑖𝑠𝑡𝐵𝑓𝑊ℎ𝑏𝑓,𝑤ℎ × 𝑈𝑛𝑖𝑡𝑇𝑟𝐶𝑡𝑟 
(3.30) 
Figure 3.36 shows the summation of the quantity of feedstock from biofield to warehouse of 
each type of transportation has to be equal to the overall quantity of feedstock from biofield 
(rice farm, sugar farm, rice mill, sugar mill) to warehouse. 
 
Figure 3.36 the different type of transportation from biofield to warehouse 
∑ 𝑉𝑜𝑙𝐵𝑓𝑊ℎ𝑇𝑟𝑓,𝑏𝑓,𝑤ℎ,𝑡𝑟
𝑡𝑟
= 𝑉𝑜𝑙𝐵𝑓𝑊ℎ𝑓,𝑏𝑓,𝑤ℎ 
(3.31) 
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Constraints 
 
Technology conversion constraint 
The conversion and the mass balance volume have to be satisfy. This conversion constrains 
use in the equations 3.32 to 3.34. 
The summation of the quantity production from biorefinery technology plant to product 
warehouse has to be less than or equal to the summation of the quantity of feedstock from 
feedstock warehouse to biorefinery plant multiplied by the product biorefinery conversion 
factor.  
∑ 𝑉𝑜𝑙𝑝𝐾𝑃𝑤𝑓,𝑘,𝑝,𝑝𝑤
𝑝𝑤
 ≤ ∑ 𝑉𝑜𝑙𝑊ℎ𝐾𝑓,𝑤ℎ,𝑘
𝑤ℎ
× 𝐶𝑜𝑛𝑓𝑘𝑓,𝑘 × 𝐶𝑜𝑛𝑘𝑝𝑘,𝑝 
          (3.32) 
The summation of the quantity of by-product from biorefinery technology plant to product 
warehouse has to be less than or equal to the summation of the quantity of feedstock from 
feedstock warehouse to biorefinery plant multiplied by the by-product biorefinery conversion 
factor.  
∑ 𝑉𝑜𝑙𝑏𝑝𝐾𝑃𝑤𝑓,𝑘,𝑏𝑝,𝑝𝑤
𝑝𝑤
 ≤ ∑ 𝑉𝑜𝑙𝑊ℎ𝐾𝑓,𝑤ℎ,𝑘
𝑤ℎ
× 𝐶𝑜𝑛𝑓𝑘𝑓,𝑘 × 𝐶𝑜𝑛𝑘𝑏𝑝𝑘,𝑏𝑝 
(3.33) 
The summation of the quantity of electricity production from biorefinery technology plant to 
customer has to be less than the summation of the quantity of feedstock from feedstock 
warehouse to biorefinery plant multiplied by the biorefinery electricity conversion factor.  
 
∑ 𝑉𝑜𝑙𝑒𝐾𝐶𝑓,𝑘,𝑏𝑒,𝑐
𝑐
 ≤ ∑ 𝑉𝑜𝑙𝑊ℎ𝐾𝑓,𝑤ℎ,𝑘
𝑤ℎ
× 𝐶𝑜𝑛𝑓𝑘𝑓,𝑘 × 𝐶𝑜𝑛𝑘𝑏𝑝𝑘,𝑒 
(3.34) 
Mass balance constraint 
The balance of the mass volume has to be satisfy. Figure 3.37 shows the mass balance 
constraints used for equations 3.35 to 3.37.  
 
Figure 3.37 Mass balance constraint 
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The summation of the feedstock quantity from feedstock warehouse to technology plant has to 
be less than the summation of feedstock quantity from biofield to feedstock warehouse.  
   
∑ 𝑉𝑜𝑙𝑊ℎ𝐾𝑓,𝑤ℎ,𝑓
𝑘
 ≤ ∑ 𝑉𝑜𝑙𝐵𝑓𝑊ℎ𝑓,𝑏𝑓,𝑤ℎ
𝑏𝑓
 
(3.35) 
The summation of ethanol product quantity from product warehouse to customer has to be less 
than or equal to the summation of ethanol product quantity from technology plant to product 
warehouse.  
   
∑ 𝑉𝑜𝑙𝑝𝑃𝑤𝐶𝑝𝑤,𝑝,𝑐
𝑐
 ≤ ∑ 𝑉𝑜𝑙𝑝𝐾𝑃𝑤𝑘,𝑝,𝑝𝑤
𝑘
 
(3.36) 
The summation of the by-product quantity from product warehouse to customer has to be less 
than or equal to the summation of by-product quantity from technology plant to product 
warehouse.  
    
∑ 𝑉𝑜𝑙𝑏𝑝𝑃𝑤𝐶𝑝𝑤,𝑏𝑝,𝑐
𝑐
 ≤ ∑ 𝑉𝑜𝑙𝑏𝑝𝐾𝑃𝑤𝑘,𝑏𝑝,𝑝𝑤
𝑘
 
(3.37) 
 
Resource usage constraint 
The overall availability of biomass has to be greater than or equal to the feedstock quantity 
from biofield to feedstock warehouse. 
    
𝑎𝑣𝑓,𝑏𝑓  ≥ ∑ 𝑉𝑜𝑙𝐵𝑓𝑊ℎ𝑓𝑓,𝑏𝑓,𝑤ℎ
𝑤ℎ
 
(3.38) 
Energy demand constraint 
The energy demand for electricity and ethanol have to satisfy. The use in equation 3.39 to 3.40. 
The quantity of ethanol product from product warehouse to customer has to be less than or 
equal to customer ethanol energy demand. 
∑ 𝑉𝑜𝑙𝑝𝑃𝑤𝐶𝑝𝑤,𝑝,𝑐
𝑝𝑤
≤ 𝑃𝐷𝑒𝑚𝑎𝑛𝑑𝑝,𝑐 
(3.39) 
The quantity of electricity product from product warehouse to customer has to be less than or 
equal to customer electricity energy demand. 
∑ 𝑉𝑜𝑙𝑒𝐾𝐶𝑘,𝑒,𝑐
𝑘
≤ 𝑒𝐷𝑒𝑚𝑎𝑛𝑑𝑒,𝑐 
(3.40)  
Inventory constraints 
The biofield warehouse at a candidate point have to be built only one warehouse. Figure 3.38 
shows the sole candidate point at a biofield. Wh1 represent a small feedstock warehouse. Wh2 
represents a big feedstock warehouse. The capital cost and operating cost is shown in Table 
3.20. 
    𝐴(′𝑊ℎ1′) + 𝐴(𝑊ℎ2′) ≤ 1           (3.41) 
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Figure 3.38 One candidate point at a biofield. 
There are two constraints regarding inventory. The first constraint is the feedstock warehouse 
(Wh) can built in three position. It  can be at the biofield or at the biofefinery or at the candidate 
point between the biofield and the biorefinery.  The second constraint is the product warehouse 
(Pw) also can built at three position. It can be at the biorefinery or at customer area or at the 
candidate point between the biorefinery and customer. Figure 3.39 shows the location of the 
two constraints as mentioned. 
𝐴(𝑃𝑤1) + 𝐴(𝑃𝑤2′) ≤ 1               (3.42) 
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Figure 3.39 Feedstock warehouse and product warehouse candidate points 
 
Technology location constraints 
 
Only one of each biomass power plant can be built at the same candidate point.  
k1, k2, k3, k4, k5 and k6 represent each type of biomass power plant. 
  𝑏(′𝑘1′) + 𝑏(′𝑘2′) + 𝑏(′𝑘3′) + 𝑏(′𝑘4′) + 𝑏(′𝑘5′) + 𝑏(′𝑘6′) ≤ 1   
(3.43) 
Only one of each lignocellulosic plant can be built at the same candidate point.  
k7, k8, k9, k10, k11  and k12 represent each type of lignocellulosic plant. 
  𝑏(′𝑘7′) + 𝑏(′𝑘8′) + 𝑏(′𝑘9′) + 𝑏(′𝑘10) + 𝑏(′𝑘11) + 𝑏(′𝑘12′) ≤ 1 
  
(3.44) 
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Only one of each ethanol plant can be built at the same candidate point. 
k13, k14, k15, k16, k17, k18, k19 and k20 represent each type of ethanol plant. 
𝑏(′𝑘13′) + 𝑏(′𝑘14′) + 𝑏(′𝑘15′) + 𝑏(′𝑘16′) + 
𝑏(′𝑘17′) + 𝑏(′𝑘18′) + 𝑏(′𝑘19′) + 𝑏(′𝑘20′) ≤ 1 
(3.45) 
 
3.3.7 Input data 
 
Technology data input 
The technology data required by the proposed model are input and output factors and the 
capacities of existing biomass power plants in each candidate point. 
The conversion factors are calculated from the expected heat rate of each technology. The 
conversion factor of gasification biomass based power plants and fluidised-bed combustion 
biomass based power plants are given in Table 3.13. 
Table 3.13 Input and output factors of each technology 
Technology Type Input (Ton) Output (MWh) 
Gasification 1  0.45 
Fluidised-bed combustion 1 0.4 
 
Raw material data input 
Table 3.14 The heat value of each type of biomass 
Biomass Type Heat Value 
(MJ/Kg) 
Heat Value 
Ton/Ktoe 
Heat Value 
Ktoe/MTon 
1. Rice husk 15.51 2,699.42 370.45 
2. Rice straw 15.56 2,690.75 371.64 
3. Bagasse 16.21 2,582.85 387.17 
4.Sugarcane top and leaves 16.42 2,549.82 392.18 
 
Financial data input 
Revenue Data. The unit of money has been change to US dollar in the optimisation approach. 
Most data that found in the literature are US dollar. US dollar also standard currency exchange. 
Table 3.15 Product price 
Electricity Revenue Price ($/MWh) 
Electricity 90 
 
Ethanol price Price ($/Kilo Litres) 
Ethanol 850 
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Cost data 
Technology costs 
Table 3.16 Fixed costs of selected biomass technology per day 
Technology Types Fixed Cost ($/day) Variable Cost 
($/ton) 
Maximum 
Capacity 
Combustion     
-Small 2,000 0.7 33 MW 
-Large 4,000 0.7 90 MW 
Gasification     
-Small 2,100 0.8 33 MW 
-Large 4,110 0.8 90 MW 
Lignocellulosic     
-Small 3,000 22 200,000 litres 
-Large 6,000 22 400,000 Litres 
Batch fermentation     
-Small 2,500 17 200,000 Litres 
-Large 5,000 17 400,000 Litres 
Continuous 
fermentation 
   
-Small 2,600 18.12 200,000 Litres 
-Large 5,479 18.12 400,000 Litres 
 
Raw material transportation cost data input 
Table 3.17 Transportation cost data per day 
Resource Variable cost 
($/km/ton) 
Fixed Cost 
($/30 ton) 
Biomass field to warehouse   
-Big truck 0.5 16.67 
-Small Truck 0.6 16.67 
Warehouse to plant   
-Rail 0.2 16.67 
-Truck 0.3 16.67 
Plant to warehouse   
-Rail 0.2 16.67 
-Truck 0.3 16.67 
Warehouse to Customer   
-Big truck 0.3 16.67 
-Small truck 0.4 16.67 
 
 
 
 
 
 
 
 
 
86 | P a g e  
 
Table 3.18 Raw material cost data input 
Biomass Type Value Unit 
Rice straw 51.43 $/Ton 
Rice husk 31.43 $/Ton 
Bagasse 14.29 $/Ton 
Cane trash 1.43 $/Ton 
Molasses 145.00 $/Ton 
 
 
Table 3.19 Warehouse cost per day data input 
Warehouse Type Fixed Cost 
($/day) 
Variable Cost) Maximum  
Capacity 
Raw material warehouse    
-Small 100 0.133 $/ton 5,000 ton 
-Large 134 0.133 $/ton 10,000 ton  
Product warehouse    
-Small 100 0.133 $/Litre 200,000 Litres 
-Large 134 0.133 $/ Litre 400,000 Litres 
 
Table 3.20 Technology conversion 
Technology Type Conversion Unit 
Combustion  0.40 MWh/ton feedstock 
Gasification  0.45 MWh/ ton feedstock 
Lignocellulosic  0.24 Kilo Litre/ton feedstock 
Batch fermentation  0.23 Kilo Litre/ton feedstock 
Continuous fermentation 0.25 Kilo Litre/ton feedstock 
 
Table 3.21 Feedstock amount per day 
Biomass Type Value Unit 
Rice straw 8,550 Ton/day 
Rice husk 3,017 Ton/day 
Bagasse 3,545 Ton/day 
Sugarcane top and leaves  20,395 Ton/day 
Molasses 753 Ton/day 
 
3.4 Conclusion 
 
 In the simulation approach, the data input applies in all 16 configurations. The 
economic and profitability analysis will be calculated. The sensitivity will be analysed after 
calculating the economic and profitability. The results and analysis of the simulation approach 
are shown in Chapter 4. 
 In the optimisation approach, the data input applies in the mathematic equations for all 
four scenarios that are described in Chapter 5. The results and analysis of the optimisation 
approach are shown in Chapter 5.  
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Chapter 4 
Results and discussion of the Technology 
Screening 
 
 
4.1 Introduction 
 
There are 16 global processes that have been identified as suitable for this work and they are 
described and discussed from engineering and profitability points of view. For each process 
the same amount of feedstock, 120 tons a day of rice paddy and 10,000 tons a day of sugarcane, 
was selected to establish the differences and perhaps advantages. Every option is, in effect, the 
union of one process for rice mill, sugar mill, ethanol plant and biomass based power plant.  
 
4.2 The results of the simulation approach 
4.2.1 Configuration 1 
Figure 4.1 shows the model of the first configuration which includes the electrical rice mill, 
manual control sugar mill, fluidized-bed combustion power plant and continuous ethanol plant. 
All the configurations are set to have equal inputs of 120 tons per day of rice paddy feedstock 
for the rice mill and 10,000 tons per day of sugarcane feedstock for the sugar mill. Table 4.1 
shows the product conversion and energy consumption of each technology block for all 
configurations. 
The electrical rice mill produces 26.4 tons of rice husk as a by-product which is used as the 
feedstock for the fluidized-bed combustion power plant. The manual control sugar mill 
produces 700 tons of molasses and 2,900 tons of bagasse as by-products. The bagasse is used 
as the feedstock for the fluidized-bed combustion power plant and the molasses is used as the 
feedstock for the continuous ethanol plant. The fluidized-bed combustion power plant produces 
1,012 MWh per day and the continuous ethanol plant produces 175,960 litres per day. 
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Table 4.1 Product conversion and energy consumption of each technology for all 
configurations (input data). 
Product conversion of electrical rice mill   
Rice mill product Technology conversion 
Rice 70% of feedstock 
Husk 22% of feedstock 
Broken rice   8% of feedstock 
 
Energy consumption of electrical rice mill 
Energy Consumption 
Electricity 44.7 kWh per 1 ton of feedstock 
 
Product conversion of sugar mill 
Product Conversion 
Sugar 10% of feedstock 
Molasses   5% of feedstock 
Bagasse  29% of feedstock 
 
Energy consumption of sugar mill 
Energy Consumption 
Electricity 25 kWh per 1 ton of feedstock 
Heat 0.4 ton per 1 ton of feedstock 
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Table 4.1 Product conversion and energy consumption of each technology for all 
configurations (input data). (Continue) 
Product conversion of fluidized-bed combustion power plant 
Product Conversion 
Electricity from husk  454.5 KWh per ton of feedstock 
Electricity from bagasse 344.8 KWh per ton of feedstock 
 
Energy consumption of fluidized-bed combustion power plant 
Energy Consumption 
Electricity 2% of final electricity production 
 
Product conversion of gasification power plant 
Product Conversion 
Electricity from husk  681.7 KWh per ton of feedstock 
Electricity from bagasse 517.2 KWh per ton of feedstock 
 
Energy consumption of gasification power plant 
Energy Consumption 
Electricity 2% of final electricity production 
 
Product conversion of continuous ethanol plant 
Product Conversion 
Ethanol from molasses 250 litres per 1 ton of feedstock 
Ethanol from broken rice 100 litres per 1 ton of feedstock 
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Table 4.1 Product conversion and energy consumption of each technology for all 
configurations (input data). (Continue) 
Energy consumption of continuous ethanol plant  
Energy Consumption 
Electricity 0.24 kWh per litre of ethanol production 
 
Product conversion of batch ethanol plant 
Product Conversion 
Ethanol from molasses 200 litres per 1 ton of feedstock 
Ethanol from broken rice   80 litres per 1 ton of feedstock 
 
Energy consumption of batch ethanol plant  
Energy Consumption 
Electricity 0.24 kWh per litre of ethanol production 
 
 
 
Figure 4.1 Overall process – Configuration 1 
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4.2.2 Configuration 2 
Figure 4.2 shows the model of the second configuration which includes the electrical rice mill, 
manual control sugar mill, fluidized-bed combustion power plant and batch ethanol plant. The 
production of ethanol in configuration 2 (140,768 litres per day) is less than in configuration 1 
(175,960 litres per day) because the batch fermentation process is used rather than 
the continuous fermentation process and the batch ethanol process has a lower yield than the 
continuous fermentation process as shown in Table 4.4. The lower ethanol production means 
less electricity consumption in the batch ethanol plant too (337.8 MWh in configuration 2 
against 422.3 MWh in configuration 1). 
 
Figure 4.2 Overall process – Configuration 2 
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4.2.3 Configuration 3 
 
Figure 4.3 shows the model of the third configuration which includes the electrical rice mill, 
manual control sugar mill, gasification power plant and continuous ethanol plant. 
Configuration 3 has higher production of electricity (1,518 MWh) than configuration 1 (1,012 
MWh) because the gasification process is used as a substitute for the fluidized-bed combustion 
power plant process and the combustion technology has a lower yield of electricity than 
gasification technology, as shown in Table 4.4. The higher electricity production means less 
electricity consumption in the fluidized-bed combustion power plant too (1,518 MWh in 
configuration 3 against 1,012 MWh in configuration 1). 
 
 
 
Figure 4.3 Overall process – Configuration 3 
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4.2.4 Configuration 4 
 
Figure 4.4 shows the model of the fourth configuration which includes the electrical rice mill, 
manual control sugar mill, gasification combustion power plant and batch ethanol plant. The 
production of ethanol in configuration 4 (140,768 litres per day) is less than in configuration 3 
(175,960 litres per day) because the batch fermentation process is used rather than 
the continuous fermentation process and it has a lower yield than the continuous fermentation 
process, as shown in Table 4.4. The lower ethanol production means less electricity 
consumption in the batch ethanol plant too (337.8 MWh in configuration 4 against 422.3 MWh 
in configuration 3). 
 
 
 
Figure 4.4 Overall process – Configuration 4 
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4.2.5 Configuration 5 
 
Figure 4.5 shows the model of the fifth configuration which includes the electrical rice mill, 
automation control sugar mill, fluidized-bed combustion power plant and continuous ethanol 
plant. The molasses production in configuration 5 (500 ton) is less than in configuration 4 (700 
ton) because automation control is used for the crystallization process in the sugar mill instead 
of manual control. Hence the ethanol production and electricity consumption are also less than 
in configuration 4 because there is less molasses feedstock for the batch ethanol plant. 
 
 
Figure 4.5 Overall process – Configuration 5 
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4.2.6 Configuration 6 
Figure 4.6 shows the model of the sixth configuration which includes the electrical rice mill, 
automation control sugar mill, fluidized-bed combustion power plant and batch ethanol plant. 
The production of ethanol in configuration 6 (100,768 litres per day) is less than in 
configuration 5 (125,960 litres per day) because the batch fermentation process is used rather 
than the continuous fermentation process and it has a lower yield than the continuous 
fermentation process, as shown in Table 4.4. The lower ethanol production means less 
electricity consumption in the batch ethanol plant too (241.8 MWh in configuration 6 against 
302.3 MWh in configuration 5). 
 
 
Figure 4.6 Overall process – Configuration 6 
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4.2.7 Configuration 7 
Figure 4.7 shows the model of the seventh configuration which includes the electrical rice mill, 
manual control sugar mill, gasification combustion power plant and continuous ethanol plant. 
Configuration 7 has higher production of electricity (1,518 MWh in conjuration 7) than 
configuration 5 (1,012 MWh) because the gasification process is used as a substitute for the 
fluidized-bed combustion power plant process which has a lower yield of electricity production 
than gasification technology, as shown in Table 4.4. The higher electricity production means 
less electricity consumption in the fluidized-bed combustion power plant too (1,518 MWh in 
configuration 7 against 1,012 MWh in configuration 5). 
 
 
Figure 4.7 Overall process – Configuration 7 
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4.2.8 Configuration 8 
 
Figure 4.8 shows the model of the eighth configuration which includes the electrical rice mill, 
automation control sugar mill, gasification power plant and batch ethanol plant. The production 
of ethanol in configuration 8 (100,768 litres per day) is less than in configuration 7 (125,960 
litres per day) because the batch fermentation process is used rather than the continuous 
fermentation process and the batch ethanol process has a lower yield than the continuous 
fermentation process, as shown in Table 4.4. The lower ethanol production means less 
electricity consumption in the batch ethanol plant too (241.8 MWh in configuration 8 against 
302.3 MWh in configuration 7). 
 
 
Figure 4.8 Overall process – Configuration 8 
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4.2.9 Configuration 9 
 
Figure 4.9 shows the model of the ninth configuration which includes the electrical rice mill, 
manual control sugar mill, fluidized-bed combustion power plant and continuous ethanol plant. 
There is no husk production left in configuration 9 because the electrical engine process in the 
rice mills is replaced by steam engines. All the rice husk is used for running the steam engine 
so there is no electricity consumption in the steam engine rice mill. That means there is no rice 
husk feedstock for the fluidized-bed combustion power plant. The production of electricity in 
configuration 9 (1,000 MWh) is less than in configuration 1 (1,012 MWh) 
 
Figure 4.9 Overall process – Configuration 9 
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4.2.10 Configuration 10 
 
Figure 4.10 shows the model of the tenth configuration which includes the electrical rice mill, 
manual control sugar mill, fluidized-bed combustion power plant and batch ethanol plant. The 
production of ethanol in configuration 10 (140,768 litres per day) is less than in configuration 
9 (175,960 litres per day) because the batch fermentation process is used rather than 
the continuous fermentation process and it has a lower yield than the fermentation process, as 
shown in Table 4.4. The lower ethanol production means less electricity consumption in the 
batch ethanol plant too (337.8 MWh in configuration 10 against 422.3 MWh in configuration 
9). 
 
 
Figure 4.10 Overall process – Configuration 10 
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4.2.11 Configuration 11 
 
Figure 4.11 shows the model of the eleventh configuration which includes the stream rice mill, 
manual control sugar mill, gasification combustion power plant and continuous ethanol plant. 
Configuration 11 has higher production of electricity (1,500 MWh in conjuration 11) than 
configuration 9 (1,000 MWh) because the gasification process is used as a substitute for the 
fluidized-bed combustion power plant process which has a lower yield of electricity than 
gasification technology, as shown in Table 4.4. The higher electricity production means more 
electricity consumption in the gasification power plant too (30 MWh in configuration 11 
against 20 MWh in configuration 9). 
 
 
Figure 4.11 Overall process – Configuration 11 
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4.2.12 Configuration 12 
 
Figure 4.12 shows the model of the twelfth configuration which includes the steam rice mill, 
manual control sugar mill, gasification power plant and batch ethanol plant. The production of 
ethanol in configuration 12 (140,768 litres per day) is less than in configuration 11 (175,960 
litres per day) because the batch fermentation process is used rather than the continuous 
fermentation process and it has a lower yield than the continuous fermentation process, as 
shown in Table 4.4. The lower ethanol production means less electricity consumption in the 
batch ethanol plant too (337.8 MWh in configuration 12 against 422.3 MWh in configuration 
11). 
 
 
Figure 4.12 Overall process – Configuration 12 
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4.2.13 Configuration 13 
 
Figure 4.13 shows the model of the thirteenth configuration which includes the steam rice mill, 
automation control sugar mill, fluidized-bed combustion power plant and continuous ethanol 
plant. The molasses production in configuration 13 (500 ton) is less than in configuration 9 
(700 ton) because automation control is used for the crystallization process in sugar 
mills instead of manual control for the crystallization process. Thus the ethanol production, 
125,960 litres in this configuration, and electricity consumption are also less than in 
configuration 9 (ethanol production 175,960 litres) because there is less molasses feedstock for 
the batch ethanol plant. 
 
 
Figure 4.13 Overall process – Configuration 13 
 
 
 
 
 
 
 
 
 
103 | P a g e  
 
4.2.14 Configuration 14 
 
Figure 4.14 shows the model of the fourteenth configuration which includes the steam rice mill, 
automation control sugar mill, fluidized-bed combustion power plant and batch ethanol plant. 
The production of ethanol in configuration 14 (100,000 litres per day) is less than in 
configuration 13 (125,960 litres per day) because the batch fermentation process is used rather 
than the continuous fermentation process and it has a lower yield than the continuous 
fermentation process, as shown in Table 4.4. The lower ethanol production means less 
electricity consumption in the batch ethanol plant too (240MWh in configuration 14 against 
302.3 MWh in configuration 13). 
 
 
Figure 4.14 Overall process – Configuration 14 
 
 
 
 
 
 
 
 
 
104 | P a g e  
 
4.2.15 Configuration 15 
 
Figure 4.15 shows the model of the fifteenth configuration which includes the steam rice mill, 
automation control sugar mill, gasification combustion power plant and continuous ethanol 
plant. Configuration 15 has higher production of electricity (1,500 MWh) than configuration 
13 (1,000 MWh) because the gasification process is used as a substitute for the fluidized-bed 
combustion power plant process which has a lower yield of electricity than the gasification 
technology, as shown in Table 4.4. The higher electricity production means more electricity 
consumption in the gasification power plant too (30 MWh in configuration 15 against 20 MWh 
in configuration 13). 
 
 
 
Figure 4.15 Overall process – Configuration 15 
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4.2.16 Configuration 16 
 
Figure 4.16 shows the model of the sixteenth configuration which includes the steam rice mill, 
automation control sugar mill, gasification power plant and batch ethanol plant. The production 
of ethanol in configuration 16 (100,768 litres per day) is less than in configuration 15 (125,960 
litres per day) because the batch fermentation process is used rather than the continuous 
fermentation process and it has a lower yield than the continuous fermentation process, as 
shown in Table 4.4. The lower ethanol production means less electricity consumption in the 
batch ethanol plant too (241.8 MWh in configuration 16 against 302.3 MWh in configuration 
13). 
 
 
Figure 4.16 Overall process – Configuration 16 
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4.3 Results of the engineering analysis 
 
Table 4.2 shows the engineering analysis of the 16 configurations in this study. The engineering 
analysis mean the production analysis of electricity and ethanol. There are two parameters in 
engineering analysis. The first parameter is the total electricity from the biomass power plant 
and the second is the volume of ethanol from the ethanol plant in each configuration.  
 
The highest electricity production (1,518 MWh per day) is in configurations 3, 4, 7 and 8. All 
of them have the same technology, that is, electrical rice mill and gasification power plant. The 
electrical rice mill provides husk as a by-product which is used as the feedstock for the biomass 
based power plant. On the other hand, the steam rice mill uses all the rice husk it produces to 
run its steam engine so there is no husk for feedstock for the biomass based power plant. The 
gasification process has higher generation efficacy than fluidized-bed combustion in the 
biomass based power plant. Thus, the configurations that have electrical rice mill and 
gasification power plant have the highest total electricity production output. 
 
The highest ethanol production (175,960 litres per day) is in configurations 1, 3, 9 and 11. All 
of them have the same technology, that is, the manual controlled sugar mill and continuous 
ethanol plant. The manual controlled sugar mill provides more molasses as a by-product to be 
used as the feedstock for the ethanol plant. Moreover, the automation controlled process 
produces more sugar but less molasses compared to a manual controlled sugar mill. The process 
can be adjust to produce more by product or molasses. Therefore, the configurations that have 
the manual controlled sugar mill and continuous ethanol plant together will have the highest 
total ethanol production. 
 
The highest electricity and ethanol production are in configuration 3. Configuration 3 includes 
the electrical rice mill, manual control sugar mill, gasification power plant and continuous 
ethanol plant. The configuration has all the four technologies that produce most by-product and 
product to generate the highest electricity and ethanol. 
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Table 4.2 Engineering Analysis 
Configuration 
Electricity 
[MWh] 
Ethanol 
[Litres] 
1 1,012 175,960 
2 1,012 140,768 
3 1,518 175,960 
4 1,518 140,768 
5 1,012 125,960 
6 1,012 100,768 
7 1,518 125,960 
8 1,518 100,768 
9 1,000 175,960 
10 1,000 140,768 
11 1,500 175,960 
12 1,500 140,768 
13 1,000 125,960 
14 1,000 100,000 
15 1,500 125,960 
16 1,500 100,768 
 
4.4 Results of the economic and profitability analysis 
 
Table 4.3 shows the economic and profitability analysis. The table includes investment, profit 
and payback period for the 16 configurations. The payback period is the significant number 
and a tool of economic analysis often used because it is obvious and clear to understand for 
most investors, regardless of economic academic background and whether financier or 
shareholder. It can be useful for comparing similar investments.  
Table 4.3 shows the shortest payback period is 3.2 years. This is in configuration 7 and requires 
262 million $ of investment. The profit is 79 million $ per year. This configuration includes 
electrical rice mill, automation control sugar mill, gasification power plant and continuous 
ethanol plant. All configurations were based on input of 120 tons of rice paddy and 10,000 tons 
of sugarcane per day.  
Configuration 3 has the highest yield of electrical and ethanol production in the engineering 
analysis (see previous section). The investment cost of configuration 3 is 259 million $ and 
annual cash inflow is 62 million $. The payback period of configuration 3 is 4.2 years, as in 
Table 4.3. The difference between configuration 7 and the configuration 3 is the technology 
for the sugar mill. Configuration 7 uses the automation controlled sugar mill in place of the 
manual control sugar mill in configuration 3. Automation controlled sugar mills are controlled 
by machines. They are more expensive to build, but produce a higher yield of sugar (Sriroth, 
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2007). It is worth building automation controlled sugar mills because, although they require 
higher investment, they return better profit per year than manual controlled sugar mills. 
For this analysis, fixed operating costs were included in the capital cost. The variable operation 
costs such as material cost, energy cost were also considered in the calculation.  
Table 4.3 Economic and profitability analysis 
Configuration 
Investment 
[M$] 
Profit 
[M$/Year] 
Payback period 
[Years] 
1 237.4 52.1 4.6 
2 221.1 46.1 4.8 
3 259.9 62.4 4.2 
4 243.6 56.4 4.3 
5 253.7 70.8 3.6 
6 237.4 66.5 3.6 
7 262.1 79.7 3.2 
8 259.9 76.8 3.4 
9 237.7 65.2 3.6 
10 221.4 46.0 4.8 
11 260.2 62.2 4.2 
12 243.9 56.2 4.3 
13 254.0 70.8 3.6 
14 237.7 66.4 3.6 
15 276.5 81.0 3.4 
16 260.2 76.7 3.4 
 
The calculation of payback period for configuration 7 is given here as an example for all the 
configurations in this research. The calculation used equations 6 to 11 from Chapter 3 to 
calculate the payback period. The payback period is short because the selling price of sugar 
and rice are double in the calculate year 2011 compare with the selling in the other year. 
From equation 4.1, the material cost can be calculated using the values from Table 4.4 and 4.5 
as shown below: 
𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐶𝑜𝑠𝑡 = 𝑅𝑖𝑐𝑒 𝑃𝑎𝑑𝑑𝑦 + 𝑆𝑢𝑔𝑎𝑟 𝑐𝑎𝑛𝑒 + 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦+Fuel oil           (4.1) 
                 Material Cost =     42,581 $ +645,161 $ + 56,835 $ + 249,295$ 
       Material Cost = 993,872 $ 
Table 4.4 shows the calculation of rice paddy and sugarcane feedstock costs. The amounts of 
feedstock were set to be the same for every configuration 
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Table 4.4 Feedstock cost 
Parameter Price ($Ton) Used (Ton) Cost ($) 
Rice paddy 354  120  42,581 
Sugarcane 64  10,000 645,161 
Fuel oil 847 294 249,295 
 
Table 4.5 shows the value of the electricity parameter. There are four electricity costs from 
the four technologies for each configuration. 
Table 4.5 Electricity cost 
Parameter Price ($/MWh) Used (MWh) Cost ($) 
Electricity from rice mill 96  4.80  465 
Electricity from power plant 96 30.24 2,926 
Electricity from sugar mill 96 250.00 24,194 
Electricity from ethanol plant 96 302.30 29,255 
Total Electricity Cost 96 587.30 56,835 
 
From equations 4.2 and 4.3, the daily cash inflow and the annual cash inflow can be 
calculated using the values from Table 4.6, as shown below: 
 
𝐷𝑎𝑖𝑙𝑦 𝑐𝑎𝑠ℎ 𝑖𝑛𝑓𝑙𝑜𝑤 = 𝑅𝑒𝑣𝑒𝑛𝑢𝑒 − 𝑀𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝐶𝑜𝑠𝑡                     (4.2) 
     Daily cash inflow    = 1,259,540 $ -993,872 $ 
      Daily cash inflow   = 265,667 $ 
Annual cash Inflow = Day cash inflows × 300 days   (4.3) 
     Annual cash inflow = 265,667 $× 300 days per year 
     Annual cash inflows = 79700361 $ 
Table 4.6 Revenue parameters 
Parameter Price  Unit 
 
Production 
 
Unit Selling ($) 
Rice 967.7 $/Ton  84  Ton  81,290  
Sugar 806.5 $/Ton 1,200       Ton  967,742  
Electricity to grid 67.7 $/MWh  1,512  MWh  102,426  
Ethanol 0.9 $/Ton 125,960      Litres  108,082  
Revenue      1,259,540  
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From equations 4.4 and 4.5, the payback period and the cost of the project can be calculated 
using the values from Table 4.7 as shown below: 
 
𝐶𝑜𝑠𝑡 𝑜𝑓 𝑝𝑟𝑜𝑗𝑒𝑐𝑡 = ∑ 𝐶𝑎𝑝𝑖𝑡𝑎𝑙 𝐶𝑜𝑠𝑡                                (4.4) 
Cost of project    = capital cost of electrical rice mill + capital cost of 
automation control + capital cost of sugar mill + capital cost gasification 
power plant+ capital cost continuous ethanol plant 
Cost of project = 0.5 M$ +81 M$ +116 M$ +65 M$ 
Cost of project = 262 million $ (M$) or 262,000,000 $ 
Payback Period(PBP) =  
Cost of project
Annual cash Inflows
                      (4.5) 
 
Payback Period(PBP) =  
262,000,000
 79,700,361 
                       
 
Payback Period (PBP) = 3.2 years 
Table 4.7 Capital cost 
Capital Cost Price (million $) 
Electrical rice mill 0.5 
Automation control sugar mill  81  
Gasification power plant  116  
Continuous ethanol plant  65  
Total Capital Cost  262  
 
4.5 Sensitivity analysis 
 
In practice, the profit of a project could become unfeasible by increase in cost or a decrease in 
the value of benefits. Sensitivity analysis provides a methodology of determining the financial 
impact of this type of uncertainty. The calculation is done by entering an anticipated percentage 
change in cost of feedstock or price of product that has the financial impact of changing the 
payback period (PBP) (Charles Sturt University, 2012). 
The calculation of the sensitivity follows equation 4.6. The example sensitivity calculation 
shows the comparison between the percentage changes in rice paddy price (ΔFC) against the 
change in payback period (ΔPBP), as follows: 
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𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =  
∆𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑃𝑒𝑟𝑖𝑜𝑑(𝑃𝐵𝑃)
∆𝑃𝑟𝑖𝑐𝑒 𝑜𝑓 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 𝑜𝑟 𝑃𝑟𝑜𝑑𝑢𝑐𝑡  𝑖𝑛 %
                                         (4.6) 
           𝑆𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 =  
∆𝑃𝐵𝑃
∆𝑅𝑃
                          
Table 4.8 shows the parameter value of the sensitivity of feedstock, rice paddy, price against 
payback period. The percentage change of rice paddy price (ΔRP) value is the X-axis value 
and the change in payback period ΔPBP is the Y-axis in Figure 4.17.              
Table 4.8 Sensitivity parameter 
Feedstock Cost  ($/ton) PBP (Years) ΔRP (X-axis) ΔPBP (Y-axis) 
(Years) 
355 3.28 0% 0.00 
390 3.34 10% 0.06 
426 3.39 20% 0.11 
461 3.45 30% 0.17 
 
Figures 4.17 and 4.18 show the sensitivity analysis of feedstock price. Feedstocks are rice 
paddy and sugarcane. The changing price of sugarcane has more effect on the payback period 
than the changing price of paddy rice. The reason is the amount of sugar feedstock per day 
(10,000 ton) is much higher than the amount of rice paddy (120 ton). The sensitivity of price 
of rice paddy is very small because the amount of input. Figure 4.18 has a nonlinear graph 
because the sensitivity of sugarcane price is very high and significantly affect the profit. 
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Figure 4.17 Sensitivity analysis of rice paddy price 
 
 
Figure 4.18 Sensitivity analysis of sugarcane price 
Figures 4.19 and 4.20 show the sensitivity analysis of food product price with payback period. 
In this case, for both rice and sugar, the change in payback period is mostly shorter than 2 
years. However, if the change in price of sugar reaches -50%, then this corresponds to non-
acceptable values of payback period. The change of payback period is less than 0.1 year when 
the price of rice changes by 20%. There is not much difference in the total food product 
outcome unlike the difference in the amounts of feedstock. Rice production is 80-84 ton a day 
and sugar production is 1,000-1,200 ton a day. Thus there is not much difference in the product 
sensitivity of rice and sugar. Nevertheless, a ton of rice has more profit than a ton of sugar.  
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Figure 4.19 Sensitivity analysis of rice price 
 
 
Figure 4.20 Sensitivity analysis of sugar price 
Figure 4.21 shows the payback period trend over changing price of energy product (ethanol 
and electricity). The change in payback period is in the range 0.6 years difference when the 
price of energy product changes from -50% to 40%. This means the energy product price 
change has not much significance in terms of changing the payback period compared with 
changing price of feedstock and food product. 
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Figure 4.21 Sensitivity analysis of energy product 
4.6 Overall process discussion 
The shortest payback period is in configuration 7 and requires 262 million $ of investment. The 
profit is 79 million $ per year. This configuration includes electrical rice mill, automation 
control sugar mill, gasification power plant and continuous ethanol plant. Configuration 3 gives 
the highest yield of electricity and ethanol in the engineering analysis (see previous section). 
The investment cost of configuration 3 is 259 million $ and annual cash inflow is 62 million $. 
The payback period of configuration 3 is 4.2 years in Table 4.3. The different between 
configurations 7 and 3 is the technology for the sugar mill. Configuration 7 uses the automation 
controlled sugar mill which is replaced by the manual control sugar mill in configuration 3. 
Automation controlled sugar mills are controlled by machines. They are more expensive to 
build, but produce a higher yield of sugar .It is worth building automation controlled sugar 
mills because, although they require a higher investment, they return a better profit per year 
than manual controlled sugar mills. Furthermore, the changing price of feedstock (rice paddy, 
sugarcane) and food product (rice, sugar) have a significant effect on profitability. 
One of the validations of this modelling is comparison with actual numbers in practice in 
Thailand. The production of ethanol and electricity from this research is reasonable because it 
is in the range of average plant capacity in Thailand. The average ethanol plant capacity in 
Thailand is 100,000 to 200,000 litres per day. Also the average biomass based power plant 
capacity in Thailand is 60-80 MW. Thailand’s development plan targets for renewable energy 
are shown in Table 4.9.  In years 2016 there has to be 1,168 million litres of more ethanol /year 
and 420 MW/year of electricity compared with 2012. If the government uses the model from 
this research, 31 models have to be built to achieve the targets of the renewable energy 
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development plan in 2016 (medium run target). In order to increase energy production by a 
large amount, optimisation should play an important role. It can determine the amount of 
feedstocks and all parameters, so it can achieve the energy demand in the medium run and the 
long run target in the future.  
Table 4.9 Thailand renewable energy development plan targets  
Form of energy Sources 2012 
Short run 
2016 
Medium run 
2022 
Long run 
Unit 
1.Electricity Biomass 2,800 3,220 3,700 MW/year 
2.Bio-liquid fuel Ethanol 1,095 2,263 3,285 Million 
litres/year 
 
4.7 Conclusion 
 
The shortest payback period is in configuration 7 and this requires 262 million $ of investment. 
The profit is 79 million $ per year. This configuration includes electrical rice mill, automation 
control sugar mill, gasification power plant and continuous ethanol plant. All the configurations 
are based on input of 120 ton of rice paddy and 10,000 ton of sugarcane per day. The sensitivity 
analysis shows the factors which have the most effect are the price of sugarcane and the price 
of sugar. 
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Chapter 5 
Utilisation of Biomass Modelling Scenario 
 
5.1 Introduction 
 
In the previous chapter, the screening the option of biomass developed to determine the 
technology of the biomass chain system for Thailand.  
This research uses the scenario approach to verify the utilisation of biomass model. Scenarios 
are also created to show the choice of real cases in Thailand. These scenarios were selected to 
achieve Thailand’s 2022 renewable energy target. The differences between the scenarios are 
described in section 5.2. All scenarios use the utilisation of biomass modelling in Chapter 5 to 
calculate the optimisation point of biorefinery capacity and location. The modelling objective 
was to maximise the profit of biomass utilisation over a 10-year planning period using day time 
intervals.  
5.2 Description of scenarios 
 
Four scenarios have been created to examine the proposed biomass optimisation model for 
Thailand. There are already many existing biomass power plants in use in Thailand. Moreover, 
most of the total biomass residues are used by many industries including the energy sector 
where they are used in biomass based electricity power plant (Assanee and Boonwan, 2011). 
The four scenarios investigate different network possibilities according to those factors. The 
scenarios are as follows: 
1) Optimising only the unused main types of biomass, i.e husk, bagasse and molasses, 
available in Thailand without considering the existing biomass power plants and 
ethanol plants. 
2) Optimising the total main types of biomass, i.e. husk, bagasse and molasses, 
available in Thailand including considering the existing biomass power plants and 
ethanol plants. 
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3) Optimising all the unused biomass available in Thailand to achieve the 2022 
renewable energy target considering the existing biomass power plants and ethanol 
plants. 
4) Optimising all the unused biomass available to produce only ethanol in Thailand to 
achieve the 2022 renewable energy target. 
The target of the optimization is to produce as much as biofuel in Thailand. 
The first scenario is considered to suggest the optimal structure of a possible expansion plan to 
the existing network of biomass power plants and ethanol plants in Thailand. Only the main 
unused biomass will be utilised in this scenario to reflect the real-world situation. The main 
unused biomass in this scenario is the biomass that are not used after the milling process in rice 
mills and sugar mills, such as rice husk and bagasse. This first scenario has been set to verify 
the utilisation of biomass model and calculate the additional biorefinery capacity and locations 
needed compared with existing biorefineries in the north part of Thailand. 
The second scenario is created to determine the optimal structure for the network of biomass 
power plants and ethanol plants when all generated biomass is available. The second scenario 
has been set to compare with scenario 1. The difference between these two scenarios is the 
feedstock and the considering of existing biorefineries in the north part of Thailand. The second 
scenario is close to the real world situation in Thailand because it considers existing biomass 
based power plants and ethanol plants in the north part of Thailand.  If the capacity of existing 
biorefineries is exceed, the model will optimise the setup of new biorefineries. 
The third scenario explores the case following the Thailand energy plan target for 2022 with 
existing biomass power plants and ethanol plants. The difference between scenario 3 and 
scenario 2 is the feedstock. The amount of the main types of unused biomass is not enough to 
achieve Thailand’s energy plan target to 2022. Therefore in this scenario, all the unused 
biomass in Thailand is considered, including not only the main types as in scenarios 1 and 2, 
but also unused agricultural biomass that is usually burnt in the fields, such as rice straw and 
sugarcane top and leaves. 
The fourth scenario set to produce only ethanol. The production of ethanol in Thailand is 3 
million litre per day at present. Thailand government has long term energy plan target to 
achieve 9 million litre per day of ethanol. This scenario use all of biomass feedstock in the 
north part of Thailand and produce only ethanol. The biomass power plant is not take into 
account. 
 
118 | P a g e  
 
5.3 Results and discussion 
GAMS was used to find the results of the optimisation. The CPLEX solver was used to 
calculate the objective function. 
Results discussion 
The utilisation of biomass model aims to generate the optimal expansion strategy of the 
biomass utilisation network which uses all the main unused biomass in the north part of 
Thailand. The proposed model was able to determine the optimal type of technology, capacity 
and locations of biorefineries (biomass power plants and ethanol plants), the flow and 
quantities of each type of transportation.  The capacity and location of storage (feedstock 
warehouse, product warehouse) are shown in Figures 5.5-5.12. The financial data, including 
net present value, costs and revenues are also revealed, in Tables 5.1-5.4. 
 
5.3.1 Scenario 1 
 
The scenario 1 was to optimise only the main unused biomass available in Thailand without 
considering the existing biomass power plants and ethanol plant. Scenario 1 uses all the models 
in section 3.3.6 in Chapter 3. All the equations and constraints (equations 3.8-3.45 have been 
applied. The specific constraint for the 1st scenario is the feedstock. Results for only 3 
feedstocks (rice husk, bagasse and molasses) have been calculated because these are the only 
three types of biomass used as commercial feedstock in Thailand at present. This model show 
the real world case in Thailand at the time of the study the maximum profit (NPV) is the 
objective function.  
Scenario 1 condition 
Only three types of biomass (rice husk, bagasse, and molasses) have been used. The set of 
variable f represents feedstock in the model. There are five variables that represent five 
feedstocks. Variable f1 represents rice straw, f2 represents rice husk, f3 represents bagasse, f4 
represents top and leaves of sugarcane and f5 represents molasses. Scenario 1 uses only f2, f3 
and f5. 
Candidate point 
There are 12 candidate points in scenario 1. Each candidate point represents one of 12 provinces 
in the north part of Thailand. There are 5 components that a candidate point can represent. 
These are biofield, feedstock warehouse, biorefinery, product warehouse and customer. There 
are 4 candidate points of farm or biofuels field or feedstock field. There are 8 candidate points 
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of feedstock warehouses. There are 2 candidate points of biorefinery or technology. There are 
6 candidate points of product warehouse. There are 2 candidate points of customer area. Each 
candidate point represent as the Figure 5.1. Figure 5.2 shows the position of candidate points 
that have been used. 
 
 
  represents farm or biofuel field (rice field, sugarcane field, rice mill, sugar mill) 
  represents feedstock warehouse (biomass, molasses) 
  represents biorefinery (biomass power plant) 
  
represents biorefinery (ethanol plant) 
  represents product warehouse (ethanol) 
 represents customers 
 
Figure 5.1 Symbols that represent candidate points 
 
 
 
Each candidate has been appointed to be a component in the utilisation of biomass system 
modelling as shown in Figure 5.2 
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Figure 5.2 Candidate points that represent the components of the model 
Figure 5.3 shows the flow diagram of the utilisation of biomass model. It starts from 4 biofields 
supplying 2 feedstock warehouses. The feedstock is delivered to 2 biorefineries. The product 
of the biorefineries is stored in the 2 product warehouses. In the end, the product is delivered 
to 2 customer areas. 
Notation of Figure 5.3 
      bf   = biomass field (rice farm, sugar farm, rice mill, sugar mill) 
 wh = warehouse (warehouse of feedstock, storage) 
k    = technology (combustion, gasification, lignocellulosic fermentation,  
      Batch fermentation, continuous fermentation) 
pw = product warehouse (warehouse of biorefinery or ethanol) 
     c   = Customer  
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Figure 5.3 Flow diagram of the utilisation of biomass model 
Scenario 1 results 
Figure 5.4 shows the symbols that represent each candidate point for scenario 1 and Figure 5.5 
shows there are 3 technology plants to be built: 
1. Build a new 33 MW biomass power plant in Lumphun province. 
2. Build a new 90 MW biomass power plant in Pichit province. 
3. Build a new 200,000 litre per capacity of ethanol plant in Pichit province. 
The net present value (NPV) of scenario 1 in 10 year is 5,082,477 $. 
 
  represents farm or biofuel field (rice field, sugarcane field, rice mill, sugar mill) 
  represents feedstock warehouse (biomass, molasses) 
  represents biorefinery (biomass power plant) 
  
represents biorefinery (ethanol plant) 
  represents product warehouse (ethanol) 
 represents customers 
Figure 5.4 Symbols that represent the candidate points for all scenario 
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Figure 5.5 Results of scenario 1 
 
Table 5.1 Financial results of scenario 1 
Financial Result US Dollar ($) 
Revenue 452,708 
Technology Cost 131,774 
Transportation Cost 115,802 
Inventory Cost 1,632 
Raw Material Cost 201,202 
Daily Profit 2,298 
Annual Profit 827,149 
Net Present Value 5,082,477 
 
The first scenario optimises only the unused main biomass including husk, bagasse and 
molasses that are available in north of Thailand without considering the existing biomass power 
plants and ethanol plants. The first scenario result is: 
 All four biofields bf have been selected to generate feedstock. 
 Four feedstock warehouses wh are located at the biofield. 
 Three biomass based power plants k would have to be built. 
33MW 
90MW 
200,000 
Litre/day 
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 There is two product warehouse pw at the customer location would have to be located 
Figure 5.6 show the work flow of the biomass to energy biofuel supply chain case study flow 
from biofield bf to customers c for scenario 1. 
 
Figure 5.6 work flow of scenario 1 
Scenario 1 Result Analysis 
For the feedstock warehouse wh, four feedstock warehouse was selected are at the biofiled 
location; 
 A small feedstock warehouse at Chaing Rai province wh1 
 A small feedstock warehouse at Uttaradit province wh3 
 A small feedstock warehouse at Kamphaeng Phet province wh5 
 A small feedstock warehouse at Uthai Thani province wh7 
The small size of feedstock warehouse would be used depend on of the amount of biomass 
feedstock for each biofeild. There are three position that the feedstock warehouse would be 
located. The first one is at the biofield. The second position is in between bifield and biofuel 
technology plant. The third position is at the biofuel technology plant. Inventory cost of any 
three position would be the same such as fix cost, variable cost. The possible reason to select 
the option is: 
 Transportation cost, the different of each option cost in the biofuel supply chain is the 
transportation cost. Table 3.17 show the transportation cost between the biofield bf to 
feedstock warehouse wh are higher that the transportation cost between feedstock 
warehouse wh to the biofuel technology plant. According to the transportation cost, the 
optimisation would be located the feedstock warehouse wh at the biofield. Therefore, 
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the cost of transportation only is using the transportation type between warehouse wh 
to the biofuel technology plant.  Minimise of transportation cost would be maximise 
the profit for a whole biofuel supply chain. 
 
Based on the setup in the biomass to energy biofuel supply chain case study, the result shows 
that the biofuel technology type would have to be build are; 
 A large gasification biomass power plant at Phichit Province k8  
 A small gasification biomass power plant at Lumphun province k5  
 A small continuous ethanol plant at Phichit Province k19 
A large gasification biomass power plant in Phichit Province k8 would be located to convert 
biomass from three biofiled provinces (Uttaradit, Kamphaeng, Phet Uthai Thani) to electricity 
as shown in Figure 5.5. The possible reason to select the option is: 
 Conversion factor of biofuel technology, Table 3.13 show gasification biomass based 
power plant has a better conversion than fluidised-bed combustion biomass based 
power plant. Since, the gasification biomass based power plant would be built for this 
scenario. The small gasification biomass power plant at Lumphun province k5 is 
support only biomass from Chaing Rai province biofield to generate electricity. The 
small continuous ethanol plant k19 convert molasses from three biofiled provinces 
(Uttaradit, Kamphaeng, Phet Uthai Thani) to ethanol. The conversion factor of 
continuous fermentation ethanol plant are higher than batch ethanol plant as shown in 
Table 3.20. Thus continuous fermentation ethanol plant would be selected for this 
scenario. There is no molasses in the Chaing Rai province biofield bf1. So there is no 
work flow from Chaing Rai bf1 to Phichit k19. 
 
As for the product, ethanol, warehouse pw would be located to collect ethanol from ethanol 
plant k before transfer to customer c, the result shows that product warehouse pw would have 
to be build are; 
 A small product warehouse at Chaing Mai pw9 
 A small product warehouse at Pitsanulok pw11 
The small product warehouse at Chaing Mai pw9 would be located to supply the ethanol 
demand for customer at Chaing Mai c1. Also the small product warehouse at Pitsanulok pw11 
supply ethanol to Pitsanulok c2. The size of the product warehouse is depend on production 
125 | P a g e  
 
from the ethanol plant. The reason that the product warehouse are located at the customer 
position because the lower transportation cost has been choose by optimisation method. Table 
3.17 show the cost of transportation from ethanol plant k to product warehouse pw are lower 
than product warehouse pw to customer c. The selection logic of product warehouse are the 
same with the feedstock warehouse. 
 
5.3.2 Scenario 2 
Scenario 2 condition 
All husk and bagasse has been used by some existing biorefinery plants in the north part of 
Thailand. A 33 MW biomass power plant and a 200,000 litres per day ethanol plant already 
exist in the north part of Thailand.  
 
Scenario 2 results 
Figure 5.7 and Table 5.2 show the results of scenario 2 suggest building another new 90 MW 
biomass power plant in Lumphun province. The net present value (NPV) of scenario 2 in 10 
years is 46,467,962 $ 
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Figure 5.7 Results of scenario 2 
 
Table 5.2 Financial results of scenario 2 
Financial Result US Dollar ($) 
Revenue 216,000 
Technology Cost 50,880 
Transportation Cost 74,667 
Inventory Cost 772 
Raw Material Cost 68,592 
Daily Profit 21,088 
Annual Profit 7,591,741 
Net Present Value 46,647,962 
 
The second scenario optimises the total main biomass, i.e. husk, bagasse and molasses, 
available in the north of Thailand and includes considering the existing biomass power plants 
and ethanol plants. Figure 5.8 show the work flow and the second scenario result is: 
 All four biofields have been selected to generate the feedstock. 
 Four feedstock warehouses are located at the biofields. 
33MW 
90MW 
200,000 
Litre/day 
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 A biomass based power plant would have to be built. 
 A product warehouse would have to locate at the customer location. 
Figure 5.8 show the work flow of the biomass to energy biofuel supply chain case study flow 
from biofield bf to customers c for scenario 2. 
 
Figure 5.8 work flow of scenario 2 
Scenario 2 result analysis 
For the feedstock warehouse wh, four feedstock warehouse was selected are at the biofiled 
location; 
 A small feedstock warehouse at Chaing Rai province wh1 
 A small feedstock warehouse at Uttaradit province wh3 
 A small feedstock warehouse at Kamphaeng Phet province wh5 
 A small feedstock warehouse at Uthai Thani province wh7 
The optimal selected feedstock warehouse are the same idea with scenario 1. The amount of 
biomass and the transportation cost are the key factor to locate the feedstock warehouse. 
The result of second scenario shows that the biofuel technology type would have to be build 
is; 
 A large gasification biomass power plant at Lumphun province k6 
The small existing biomass power plant Phichit province are fulfilled with the biomass 
feedstock. Then the rest of biomass would be transfer to the large gasification biomass power 
plant at Lumphun province k6. The figure 5.8 show that the biomass from Chaing Rai bf1, 
Uttaradit bf2 and Kamphaeng Phet bf3 are went to the new set up large gasification biomass 
power plant at Lumphun province k6. The gasification biomass power plant is used because 
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the higher yield of production than the combustion one. The molasses would be address at the 
small existing ethanol plant in Nakhonsawan province. 
As for the product, ethanol, warehouse pw would be located to collect ethanol from ethanol 
plant k before transfer to customer c, the result shows that product warehouse pw would have 
to be build are; 
 A small product warehouse at Chaing Mai pw9 
 A small product warehouse at Pitsanulok pw11 
The size of the product warehouse is depend on production from the ethanol plant. 
Transportation cost are the key factor to locate the product warehouse at the customer location. 
The reason of the selection is the same with scenario 1. 
 
5.3.3 Scenario 3 
Scenario 3 condition 
To achieve the government target in 2022 means all biomass (rice straw, rice husk, bagasse, 
sugarcane top and leaves and molasses) have to be used including that used in the existing 
factories. 
Scenario 3 result 
The result of scenario 3 means building 4 more 90 MW biomass power plants according to 
Figure 5.9. The net present value (NPV) in 10 years is 23,931,803 $. The electricity target is 
1,879 MW for the whole country. This scenario produces 393 MW, which is a 21% 
achievement. However, this represents only the north part of Thailand. The ethanol target is 
7.7 M litres/day. However, this scenario does not have any ethanol production. 
Table 5.3 Financial result of scenario 3 
Financial Result US Dollar ($) 
Revenue 2,026,740 
Technology Cost 431,064 
Transportation Cost 146,816 
Inventory Cost 7,321 
Raw Material Cost 1,430,721 
Daily Profit 10,819 
Annual Profit 3,894,907 
Net Present Value 23,931,803 
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Figure 5.9 Results of scenario 3 
 
The third scenario optimises all the unused biomass available in Thailand to achieve the 2022 
renewable energy target considering the existing biomass power plants and ethanol plants. The 
third scenario result is: 
 All four biofields have been selected to generate the feedstocks. 
 Four feedstock warehouse are located at the biofields. 
 Four biomass based power plants would have to be built. 
 Two product warehouse would have to be located at the customer location. 
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Figure 5.10 work flow of scenario 3 
Scenario 3 result analysis 
For the feedstock warehouse wh, four feedstock warehouse was selected are at the biofiled 
location; 
 A large feedstock warehouse at Chaing Rai province wh2. 
 A large feedstock warehouse at Uttaradit province wh4. 
 A large feedstock warehouse at Kamphaeng Phet province wh6. 
 A large feedstock warehouse at Uthai Thani province wh8. 
The optimal selected feedstock warehouse are the same idea with scenario 1. The amount of 
biomass and the transportation cost are the key factor to locate the feedstock warehouse. 
The result of second scenario shows that the biofuel technology type would have to be build 
is; 
 A large fluidised-bed biomass based power plant at Lumphun province k2 
 A large gasification biomass based power plant at Lumphun province k6 
 A large fluidised -bed biomass based power plant at Phichit province k4 
 A large gasification biomass based power plant at Phichit province k8 
 
The third scenario have a lot of biomass feedstock flow to feedstock warehouse and biofuel 
technology plant. A large fluidised-bed biomass based power plant at Lumphun province k2 
and a large gasification biomass based power plant at Lumphun province k6 convert biomass 
from two biofield at the north part, Chaing Rai bf1 and Uttaradit bf2. Also a large fluidised -
bed biomass based power plant at Phichit province k4 and A large gasification biomass based  
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power plant at Phichit province k8 are support biomass from two biofield at the south part, 
Kamphaeng Phet bf3 and Uthai Thani bf4. The distance between feedstock warehouse wh to 
biofuel technology plant k and amount of biomass feedstock are the factor to select the option 
of biofuel technology plant sizes and locations. 
As for the product, ethanol, warehouse pw would be located to collect ethanol from ethanol 
plant k before transfer to customer c, the result shows that product warehouse pw would have 
to be build are; 
 A large product warehouse at Chaing Mai pw10. 
 A large product warehouse at Pitsanulok pw12. 
The size of the product warehouse is depend on production from the ethanol plant. 
Transportation cost are the key factor to locate the product warehouse at the customer location. 
The reason of the selection is the same with scenario 1. 
 
5.3.4 Scenario 4 
 
Scenario 4 condition  
In this scenario, the assumption as to produce only ethanol to achieve long term Thailand 
energy plan.  
Scenario 4 results 
The scenario 4 results suggest adding 2 more 400,000 litres per day capacity lignocellulosic 
plants in Phichit and Lumphun provinces. There is no biomass power plant production because 
the assumption as to produce only ethanol to achieve long term Thailand energy plan. The 
scenario 4 net present value (NPV) for 10 years is 9,095,223.43 $ 
 
 
Table 5.4 Financial results of scenario 4 
Financial Result US Dollar ($) 
Revenue 2,985,380 
Technology Cost 470,244 
Transportation Cost 697,569 
Inventory Cost 4,939 
Raw Material Cost 1,808,516 
Daily Profit 4,112 
Annual Profit 1,480,205 
Net Present Value 9,095,223 
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  represents biorefinery (biomass power plant) 
represents biorefinery (lignocellulosic fermentation ethanol plant) 
Figure 5.11 Results of scenario 4 
 
The fourth scenario optimises all the unused biomass available in Thailand to achieve the 2022 
renewable energy target considering the Kyoto protocol. 
 All four biofields have been selected to generate the feedstocks. 
 Four feedstock warehouse are located at the biofields. 
 Two lignocellulosic plants would have to be built. 
 Two product warehouses would have to be located at the customer location. 
 
33M
W 
200,000 
Litres 
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Figure 5.12 work flow of scenario 4 
Scenario 4 result analysis 
For the feedstock warehouse wh, four feedstock warehouse was selected are at the biofiled 
location; 
 A large feedstock warehouse at Chaing Rai province wh2. 
 A large feedstock warehouse at Uttaradit province wh4. 
 A large feedstock warehouse at Kamphaeng Phet province wh6. 
 A large feedstock warehouse at Uthai Thani province wh8. 
The amount of biomass feed stock are the same quantity as the scenario 3.The optimal selected 
feedstock warehouse are the same idea with scenario 3. The amount of biomass and the 
transportation cost are the key factor to locate the feedstock warehouse. 
The result of second scenario shows that the biofuel technology type would have to be build 
is; 
 A large lignocellulosic plant at Lumphun province k10 
 A large lignocellulosic plant at Phichit province k12 
 
The fourth scenario have a lot of biomass feedstock flow to feedstock warehouse and biofuel 
technology plant. A large lignocellulosic plant at Lumphun province k10 convert biomass from 
two biofield at the north part, Chaing Rai bf1 and Uttaradit bf2 to ethanol. Also a large 
lignocellulosic plant at Phichit province k12 convert biomass from two biofield at the south 
part, Kamphaeng Phet bf3 and Uthai Thani bf4 to ethanol. The distance between feedstock 
warehouse wh to biofuel technology plant k and amount of biomass feedstock are the factor to 
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select the option of biofuel technology plant sizes and locations. The interesting select option 
is there is no biomass based power plant was selected. The possible reason to select the option 
is: 
As for the product, ethanol, warehouse pw would be located to collect ethanol from ethanol 
plant k before transfer to customer c, the result shows that product warehouse pw would have 
to be build are; 
 A large product warehouse at Chaing Mai pw10. 
 A large product warehouse at Pitsanulok pw12. 
The size of the product warehouse is depend on production from the ethanol plant. 
Transportation cost are the key factor to locate the product warehouse at the customer location. 
The reason of the selection is the same with scenario 1. 
5.4 Sensitivity analysis 
There are three main sensitivity tested by the model which give some idea of the cost for 
investors. 
5.4.1 Sensitivity to transportation cost 
Figure 5.13 shows the maximum increase in transportation cost that still allows a profit is 
40%. If the transportation cost increases more than 40%, there is no profit per day from this 
project. 
 
Figure 5.13 Sensitivity of total profit per day to change in transportation cost 
Figure 5.14 shows the maximum increase in transportation cost that still allows power plants 
to be profitable is 20 %. If the transportation cost increases more than 20 %, there is no profit 
from power plants. 
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Figure 5.14 Sensitivity of power plant profit per day to change in transportation cost 
Figure 5.15 shows the maximum increase in transportation cost that still allows ethanol plants 
to be profitable is 80 %. If the transportation cost increases more than 80 %, there is no profit 
from ethanol plants. 
 
Figure 5.15 Sensitivity of ethanol plant profit per day to change in cost of transportation 
 
 
5.4.2 Sensitivity to feedstock 
Biomass feedstock 
Figure 5.16 shows the minimum availability of biomass feedstock that still enables a profit 
from power plants is a decrease to -30%. If the biomass feedstock availability decreases to 
less than -30%, there is no profit from power plants. 
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Figure 5.16 Sensitivity of power plant profit per day to changing biomass feedstock 
availability 
 
Figure 5.17 shows the minimum availability of biomass feedstock that still enables a total profit 
is a decrease to -85 %. If the biomass feedstock availability decreases to less than -85 %, there 
is no profit in this project. 
 
Figure 5.17 Sensitivity of total profit per day to changing biomass feedstock availability 
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Biofuel feedstock 
 
Figure 5.18 shows the minimum availability of biofuel feedstock that still allows ethanol 
plants to be profitable is a decrease to -40 %. If the biofuel feedstock availability decreases to 
less than -40%, there is no profit from ethanol plants. 
 
 
Figure 5.18 Sensitivity of ethanol plant profit per day to change in biofuel feedstock 
availability  
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Figure 5.19 shows the minimum availability of biofuel feedstock that still allows a total profit 
is a decrease to -60 %. If the biomass biofuel availability decreases to less than -60 %, there 
is no profit from this project. 
 
Figure 5.19 Sensitivity of total profit per day to change in biofuel feedstock availability 
 
5.4.3 Demand sensitivity 
Ethanol demand sensitivity 
Figure 5.20 shows the minimum level of ethanol demand that still allows ethanol plants to be 
profitable is a decrease to -40 %. If ethanol demand decreases to less than -40 %, there is no 
profit from ethanol plants. 
1200 1140 1080 1020 960 900 840 780 720 660 600 540 480 420
0% -5% -10% -15% -20% -25% -30% -35% -40% -45% -50% -55% -60% -65%
Total Profit 31,5 29,0 26,6 24,1 21,7 19,2 16,7 14,3 11,8 9,37 6,90 4,43 1,97 -493
-5,000
 -
 5,000
 10,000
 15,000
 20,000
 25,000
 30,000
 35,000
To
ta
l P
ro
fi
t 
($
)
Total Profit vs biofuel feedstock
139 | P a g e  
 
 
Figure 5.20 Sensitivity of ethanol plant profit per day to changing ethanol demand  
 
Figure 5.21 shows the minimum ethanol demand that still allows a total profit to be made is a 
decrease to -60 %. If the ethanol demand decrease to less than -60 %, there is no profit from 
this project. 
 
Figure 5.21 Sensitivity of total profit per day to changing ethanol demand  
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Electricity demand sensitivity 
Figure 5.22 shows the minimum electricity demand that still allows power plants to be 
profitable is a decrease to -30 %. If the electricity demand decrease to less than -30 %, there is 
no profit from power plants. 
 
Figure 5.22 Sensitivity of power plant profit per day to change in electricity demand  
 
Figure 5.23 shows the minimum electricity demand that still allows a total profit to be made is 
a decrease to -85 %. If the electricity demand decreases to less than -85 %, there is no profit 
from this project. 
 
 
Figure 5.23 Sensitivity of total profit per day to changing electricity demand  
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5.5 Conclusion 
 
The application of optimisation provides the best choice solution and generates the optimal 
expansion strategy for the biomass network which uses all the main unused biomass in the 
north part of Thailand. The proposed model was able to determine the optimal type of 
technology, capacity and locations of biorefinery (biomass power plant and ethanol plant), the 
flow and quantities of each type of transportation and the capacity and location of storage 
(feedstock warehouses and product ware houses). Financial data, including net present value, 
costs and revenues are also revealed. 
This research model works properly for the Thailand case study. Biomass power plants are 
profitable at the present time. Transportation costs and warehouse costs are significant part of 
the model. The results suggest that the lignocellulosic plant is the future of biorefinery 
technology. 
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Chapter 6 
Conclusion 
 
6.1 Thesis contribution 
 
Thailand currently depends heavily on fossil fuels to generate energy to meet the demand by 
different sectors in the country. In order to reduce dependency on oil imports and to ensure the 
national energy supply security and sustainable energy development, Thailand‘s energy policy 
has placed a greater emphasis on diversification of energy supplies. Thailand is generously 
endowed with abundant renewable energy resources, especially biomass, which are widely 
distributed across the country and can be harnessed via commercially viable technologies to 
generate electricity and ethanol. The above statement was the driving force behind the work 
carried out in the thesis to identify optimal utilisation of biomass in Thailand. 
The main contribution of the thesis is the development of quantitative modelling tools which 
are capable of determining optimal utilisation of biofuel chain networks towards sustainability 
as well as incorporating the geographic at the national level. In order to develop the modelling 
tools described above, a succession of models have been developed in stages. The models 
developed in this thesis have been applied to the case study of rice and sugar mills in Thailand. 
 
The first tool takes a simulation approach, with the aim of the simulation being to screen the 
option of technology. This is done by considering various components of energy frameworks 
of rice and sugar mills in Thailand: 
 Rice mill technology type 
 Sugar mill technology type 
 Ethanol technology type 
 Biomass based power plant technology type 
 
In order to define the exhaustive modelling approach to demonstrate the selection of options.  
In this research, the energy frameworks of rice and sugar mills under study are developed using 
the exhaustive modelling approach with block diagrams for each component. The idea behind 
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exhaustive modelling is to generate, from any given model of a particular structure, all possible 
models having the same structure and input-output behavior.  
 
The result of the simulation approach has shown the most profitable (shortest payback period) 
is the configuration that includes the electrical rice mill, automated control sugar mill, 
gasification biomass based power plant and continuous ethanol plant. The exhaustive 
modelling approach achieved the first objective of this research that was to demonstrate the 
most profitable technologies from various technology option.  
 
The economic and profitability analysis has shown the shortest payback period is 3 years 2 
month and 12 days. The investment cost of the configuration with the shortest payback period, 
that includes the four optimal technologies, is 262 million $. The annual cash inflow is 79 
million $.  
The sensitivity analysis compared the cost of feedstock against profitability (payback period). 
The sensitivity analysis also compared price of product against profitability (payback period). 
The result of the sensitivity analysis showed the change in the price of sugar product is the 
most sensitive for the rice and sugar mills energy framework.  
 
The second tool is the optimisation approach. The aim of the optimisation is to maximise the 
profit (NPV). This is done by considering the various components of the biofuel supply chain 
in Thailand. All components were calculated based on candidate points. 
 The biofield location. 
 Biomass warehouse capacity and location. 
 The biofuel plant technology type, plant technology capacity, plant technology 
location. 
 Product warehouse capacity and location. 
 Transportation type. 
 
In this research, the biofuel supply chain is developed using a superstructure approach with 
block presentation for each node. Under this presentation, every node has an input to be 
converted into an output, which is supported by various auxiliary inputs and also produces 
various auxiliary outputs, which are considered by-products. This is then applied to the entire 
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biofuel supply chain as shown in Figure 3.28. Assumptions for each biofuel supply chain 
component are listed before the mathematical formulations are applied. 
 
A case study is presented to show the feasibility and validity of the model proposed while 
generating the biomass supply chain framework. The case study is the biomass to energy supply 
chain in Thailand. This research case study is used to describe suitable generic representation 
of the biofuel supply chain system. General Algebraic Modelling Systems (GAMS) using a 
mixed integer linear programming (MILP) with CPLEX solver is the tool used to calculate 
optimisatiion answer according to the mathematic formulation.  
 
There are four scenarios in the case study which were created to examine the proposed biomass 
optimisation model for Thailand.  
The first scenario optimises only the unused main biomass including husk, bagasse and 
molasses that are available in the north of Thailand without considering the existing biomass 
power plants and ethanol plants. The first scenario result is: 
 All four biofields bf have been selected to generate feedstock. 
 Four feedstock warehouses wh are located at the biofield. 
 Three biomass based power plants k would have to be built. 
 There is two product warehouse pw at the customer location would have to be located 
 
The second scenario optimises the total main biomass including husk, bagasse and molasses, 
available in the north of Thailand, and includes considering the existing biomass power plants 
and ethanol plants. The second scenario result is: 
 All four biofields have been selected to generate the feedstock. 
 Four feedstock warehouses are located at the biofields. 
 A biomass based power plant would have to be built. 
 A product warehouse would have to locate at the customer location. 
The third scenario optimises all the unused biomass available in Thailand to achieve the 2022 
renewable energy target considering the existing biomass power plants and ethanol plants. The 
third scenario result is: 
 All four biofields have been selected to generate the feedstocks. 
 Four feedstock warehouse are located at the biofields. 
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 Four biomass based power plants would have to be built. 
 Two product warehouse would have to be located at the customer location. 
 
The fourth scenario optimises all the unused biomass available in Thailand to achieve the 2022 
renewable energy target considering the Kyoto protocol. 
 All four biofields have been selected to generate the feedstocks. 
 Four feedstock warehouse are located at the biofields. 
 Two lignocellulosic plants would have to be built. 
 Two product warehouses would have to be located at the customer location. 
 
According to all four scenarios, the overall optimisation approach conclusion is the biomass 
power plant is profitable at the present time. The lignocellulosic plant is the future of 
biorefinery technology.  
The sensitivity analysis compared the cost of transportation against profit (NPV). It showed 
that transportation is an important factor in the biofuel supply chain. If the transportation costs 
are increased more than 40 percent from the cost that is used in this thesis, the biofuel supply 
chain scenario will not make any profit. 
 
If the Thailand government uses the utilization of biomass model from this research, 31 
biomass power plants have to be built to achieve the targets of the renewable energy 
development plan in medium run target. In order to increase energy production by a large 
amount, optimisation should play an important role. It can determine the amount of feedstocks 
and all parameters, so it can achieve the energy demand in the long run target in the future.  
 
In summary, the proposed research fills the gap in the operational level and process level by 
multi-biomass from biofield to customer that includes warehouses and multi transportation 
modes towards the biofuel supply chain. From the business point of view, the research defines 
the data for the business investor and also analyses the risk of change in product price, 
feedstock cost and transportation cost. 
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6.2 Future work direction 
 
Change in number of candidate points 
The proposed model only considered the north of Thailand. However, in order to investigate 
the biofuel supply chain in greater detail, a higher number of candidate points is required. The 
proposed mathematical formulation does not need to be modified but it is necessary to obtain 
more data which could be a possible area of future work. 
 
Other energy production technologies 
The proposed model only took into account the existing cost of the most usual energy 
production technologies that are currently available. However, the costs of alternative 
technologies in the biofuel supply chain such as pyrolysis or the direct combustion biomass 
based power plant could be added to the model.  
Availability of resources 
The costs of available resources are most likely to vary over time. For example, the cost of rice 
husk is certain to increase over time as demand increase. Other types of biomass such as palm 
shell, cassava root or rubber wood sawdust could be used in the model. However, the 
technology type would have to change according to the feedstock type.   
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